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Part I 
BOND STRENGTH BETWEEN VENEER PORCELAINS AND 
CAD/CAM CERAMIC TO CP TITANIUM 
NEDDA HIFEDA 
Boston University, Henry M. Goldman School of Dental Medicine, 2016 
Major Advisor: Dr. Russell A. Giordano II, DMD, DMSc, Director of Biomaterials and 
Associate Professor, Department of Restorative Sciences and Biomaterials  
 
ABSTRACT 
 
Objectives: The aim of this study was to evaluate the bond strength of three different  
 
veneering porcelains fired over CP Titanium and a CAD/CAM ceramic cemented to CP  
 
Titanium. 
  
Methods: Sixty-four bars of CP Titanium grade II (25±1x 3±0.5x 0.5±0.05 mm) were  
 
divided randomly into four groups: Group 1: Titankeramik  (Vita Zahnfabrik), Group 2:  
 
Triceram (Dentaurum), Group 3: Initial Ti (GC), and Group 4: MKII blocks (Vita). Each  
 
veneer porcelain (groups 1-3) was applied with dimensions limited to 8x3x1mm and fired  
 
on CP Ti bars following the manufacturer’s instructions and ISO 9693 recommendations.  
 
Group 4, Vita Mark II blocks were sectioned into sixteen bars (8x3x1mm) and cemented  
 
with Multilink Implant cement (Ivoclar) on CP Ti bars. Fifteen specimens from each  
 
group were tested for bond strength by Schwickerath crack initiation test (ISO 9693)  
 
using an Instron machine; the mode of failure and bond interface was evaluated by  
 
SEM / EDS. 
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Results: 
 
Results of bond strength of veneer porcelains and MKII to CP Ti.  
 
 
     The data were analyzed statistically using ANOVA and Tukey ≤ 0.05. Groups with  
 
the same letter are not significantly different. Group 4 is significantly higher than the  
 
other groups. Group 1 is significantly higher than group 3, but similar to group 2.  
 
SEM/EDS analysis reveals that the modes of failure for groups 1 - 4 are a mixture of  
 
adhesive, mixed, and cohesive failures.  
 
Conclusion: Cementing a milled ceramic to CP Ti produces bond strength significantly  
 
greater than conventional veneering porcelains. 
 
 
 
 
Group 
 
Bond Strength ( MPa) 
 
Significant Difference 
 
Group1: 
Titankeramik/CP Ti 
 
22.3 ± 8.5 
 
 
A 
 
Group2: Triceram/CP Ti 
 
16.6 ± 9.9 
 
 
AB 
 
Group3: Initial Ti/CP Ti 
 
10.0 ± 6.9 
 
 
B 
 
Group 4: Mark II/CP Ti 
 
59.0 ± 17.7 
 
 
C 
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Part II 
EVALUATION OF FRACTURE LOAD AND EFFECT OF AGING 
ON LOW FUSING PORCELAIN FIRED OVER CP TI AND CAD / 
CAM MATERIALS CEMENTED ONTO CP TI 
NEDDA HIFEDA 
Boston University, Henry M. Goldman School of Dental Medicine, 2016 
Major Advisor: Dr. Russell A. Giordano II, DMD, DMSc, Director of Biomaterials and 
Associate Professor, Department of Restorative Sciences and Biomaterials  
 
ABSTRACT 
Objectives:  The aim of this study was to evaluate and compare the fracture load of low  
fusing titanium porcelain fired over CP titanium, and two commercial CAD / CAM  
materials with and without CP Ti substructure; and to evaluate the effect of cyclic fatigue  
and thermal cycling on the fracture resistance.  
Materials and Methods: Ninety standardized molar copings were milled from grade II  
CP Ti by Noble Biocare and were divided randomly and equally into three groups  
according to the veneering material; Titankeramik porcelain (Vita), Mark II ceramic  
(Vita), and Lava ultimate resin (3M ESPE). Two additional groups were added to be  
tested without CP Ti molar copings (30 samples in each group); Mark II ceramic without  
CP Ti coping and Lava Ultimate without CP Ti coping. Titankeramik porcelain was fired  
over the Ti molar copings, while Mark II ceramic and Lava Ultimate were cemented with  
Multilink implant cement onto the CP Ti coping. The wall thicknesses of all samples  
were 2 mm axial and 3.5 mm occlusal.  All specimens were cemented onto anatomical  
epoxy dies with Multilink implant cement. 10 samples from each group were tested with  
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an axial load to failure on an Instron machine with a cross-head speed of 0.5 mm/min and  
a 10,000 N load cell. To evaluate the effect of cyclic fatigue, 10 additional samples from  
the 5 groups were loaded in a cyclic fatigue machine; the cyclic load was 50% of the  
minimum value of the failure load (N) and the specimens were cycled for 50,000 cycles.  
Furthermore, the last 10 samples were thermal cycled in temperatures ranging from 50C  
to 550C for 50,000 cycles. Afterward, all crowns were loaded until catastrophic failure  
occurred. 
Results:   
 Load to failure: One way ANOVA and Tukey’s multiple comparison tests  
revealed significant differences in the load at fracture among the five groups (p = 0.05).  
The fracture strength of Titankeramik porcelain fired over CP Ti coping (872.5 ± 172.7  
N) was significantly lower than cementing Mark II ceramic and Lava Ultimate crowns  
onto CP Ti copings with Multilink implant cement (3810.2 ± 393.5 N and 3389.5 ±  
592.8 N respectively), and full contour Mark II ceramic and Lava Ultimate crowns  
(1813.8 ± 579.7 N and 2015.1 ± 363.8 N respectively). Furthermore, Mark II ceramic and  
Lava Ultimate crowns cemented onto CP Ti copings had a statistically significant higher  
fracture resistance than full contour Mark II and Lava Ultimate crowns.  
 Effect of mechanical fatigue on the fracture strength: Cyclic loading in  
water did significantly (p = 0.05) reduce the fracture resistance for Titankeramik /  
CP Ti (872.5 ± 172.7 N without cyclic loading, 476.3 ± 213.4 N after cyclic loading),  
Mark II / CP Ti (3810.2 ± 393.5 N without cyclic loading, 2618.3 ± 467.1N after cyclic  
loading) and Lava ultimate / CP Ti (3389.5 ± 592.8 N without cyclic loading, 2196.7 ±  
583.3 N after cyclic loading).However, there was no statistically significant effect on the  
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fracture resistance for full contour Mark II ceramic crowns and full contour Lava  
Ultimate crowns (1813.8 ± 579.7 N without cyclic loading, 1541.3 ± 288.7 N after cyclic  
loading and 2015.1 ± 363.8 N without cyclic loading, 1825.9 ± 593.1 N after cyclic  
loading respectively).  
Effect of thermal cycling on the fracture strength: Thermal cycling did not  
significantly (p = 0.05) reduce the fracture strength for all tested groups except for group  
E (full contour Lava ultimate crowns) where 2015.1 ± 363.8 N for non-thermal cycled  
crowns and 1269.2 ± 320.5 N for thermal cycled crowns was found for this group.  
Conclusions: 
1- Firing low fusing Titankeramik porcelain over CP Ti coping has a significantly lower  
fracture strength than cementing Mark II ceramic and Lava Ultimate crowns with  
Multilink implant cement onto CP Ti copings, and full contour Mark II and Lava  
Ultimate crowns. 
2- Cementing Mark II ceramic crowns with Multilink implant cement onto milled CP Ti  
copings gave statistically significant higher fracture strength than full contour Mark II  
crowns. Likewise, the fracture resistance for Lava Ultimate crowns cemented with  
Multilink implant cement onto CP Ti copings is significantly greater than full contour  
Lava Ultimate crowns.  
3- Mechanical cycling had a significant effect on reducing the fracture strength for  
groups Titankeramik/CP Ti, Mark II/CP Ti and Lava Ultimate/CP Ti; however, No effect  
as recorded for full contour Mark II ceramic and Lava Ultimate crowns. 
4- Thermal cycling did not affect the fracture resistance for all tested groups except for  
full contour Lava Ultimate crowns. 
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LITERATURE REVIEW 
 
Metal - Ceramic Restorations 
      Porcelain fused to metal restorations (PFM) are considered to be one of the most used  
restorations in dentistry.  
     PFM restorations are fabricated from metal as a substructure that provides durability  
and strength, with ceramic veneers that enhance the esthetic appearance of the prosthesis;  
the two components are bonded chemically and mechanically [1, 2]. 
     The first attempt for developing ceramic - metal restorations was at the end of the  
1800’s but the results were unsatisfactory due to lack of understanding of the outcomes  
for mismatched coefficients of thermal expansion. In the 1950’s they became successful  
and commercially available [3]. 
     From the beginning of the development of metal ceramic restorations until today,  
several metal alloys and ceramics were fabricated and selected to build up such  
prostheses in order to improve their qualities, clinical performance and reduce the cost. 
 
Alloys for Porcelain Fused to Metal Restorations 
 Selecting a proper alloy is based on multiple factors, such as: 
1- The alloy must be strong enough and hard enough to withstand wear and occlusion  
    forces.                                                                                                                                
 2- The alloy must be biocompatible, and able to resist corrosion.  
 3- The melting temperatures for the alloys must be higher than the firing temperature of  
     the applied porcelain.                   
 4-The alloy must resist sag. 
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 5- The coefficient of thermal expansion must be compatible with the selected veneering    
     porcelain.     
 6- The alloy must not cause any distortion or fracture to the overlaying veneering  
     porcelain. 
7- The alloy must bond adequately with the selected veneering porcelain to ensure its  
     retention.  
 8- The alloy must not cause any discoloration to the overlaying veneer porcelain.  
 9- The price of the alloy must be acceptable (cheap) [4, 5, and 6].  
 
     Based on these requirements, several alloys were designed to be used as  
substructures for PFM prostheses.  
 
Classification of Metal Ceramic Alloys [3, 4] 
     Several classifications were developed to categorize the different metal- ceramic  
alloys; one of the most commonly used classifications was approved by ADA in1984,  
which divided these alloys into three categories based on their chemical composition and  
their properties. 
1- High Noble alloys: contain more than 60% noble metal contents; at least 40% gold.  
Noble metals include palladium, silver, and platinum; these metals are characterized by  
excellent resistance to oxidation and corrosion. Such alloys include:  
 a)  Au-Pd-Ag. 
 b)  Au-Pd. 
 c)  Au-Pt-Pd.       
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2- Noble alloys: contain more than 25% of noble metal elements; these alloys include:                                                              
 a)  Pd-Ag. 
 b)  Pd-Cu. 
 c)  Pd-Co.   
3- Base metal alloys: contain less than 25% of noble metal elements; these alloys  
include: 
a)   Ni-Cr-Be. 
b)   Ni-Cr. 
c)   Co-Cr. 
d) Ti and Ti alloys. 
 
Noble Alloys 
     The physical properties of gold, such as excellent resistance to corrosion and tarnish,  
made it the first metal successfully and widely used in dentistry. However, pure gold was  
found not to be strong enough or hard enough to withstand high stresses, and it’s a very  
expensive metal. Therefore, several attempts were done to improve its poor properties  
and cost, such as adding other elements (Cu, Ag, Pd, Pt, Ni, Zn and others) which lead to  
strengthening the metal and lowering its cost to some extent. In addition, these  
improvements led to promoting an excellent porcelain bond to metal oxides in PFM  
prostheses. 
     High gold alloys (introduced in 1958) have shown numerous disadvantages,  
particularly in PFM systems; for instance, low sag resistance during porcelain firing, low  
modulus of elasticity and very expensive in cost. Therefore, the use of alternative alloys  
became strongly recommended. 
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     Gold- palladium- silver alloys (introduced in 1970s) were the first alternative used for  
PFM systems rather than high gold alloys. The general clinical performances of these  
alloys are good and most of the high gold alloy disadvantages were improved by adding  
silver and palladium; such as, the cost was reduced and the elastic modulus and sag  
resistance became significantly higher. However, yellow- green discoloration of the  
veneered porcelain was a major disadvantage; this is due to the high silver content of the  
alloy that diffuses into the veneering porcelain.  
     By removing silver from Au-Pd- Ag alloys, silver- free gold-palladium alloys  
(introduced in1975) eliminated porcelain discolorations. It was found that such alloys  
have a relatively low expansion value which makes their thermal expansion incompatible  
with higher expansion porcelains; this problem was improved by adding a very small  
amount of silver (less than 5%) that led to better thermal expansion matching. Due to the  
low percentage of silver content, discoloration was not a problem. Au- Pd alloys are  
approved by many clinicians and considered an excellent choice because of their superior  
mechanical properties; however, the cost of such alloys is still an issue.  
     Gold- platinum- palladium alloys are one of the most successful commercially  
available alloys for PFM restorations, as they exhibit a desirable yellow color which is  
easy to mask with ceramic; but the cost of such alloys is high.    
     Palladium- Silver alloys (introduced in 1970s) were developed mainly to reduce the  
cost of PFM restorations, it was reported that these alloys have the advantages of high  
modulus value and high melting temperature, but discoloration of the overlaying  
porcelain remains a big problem.  
     Palladium- Copper alloys (introduced in 1982) and palladium- cobalt alloys are  
limited in the use for PFM restorations [8, 4]. 
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Base Metal Alloys 
     Base metal alloys were introduced in the early 1970s; the main elements are nickel,  
chromium and beryllium. These alloys were widely used as a metal substructure for PFM  
prostheses and as low cost alternatives to noble alloys. Many advantages were reported  
for such alloys; namely, they are harder and stronger than all noble alloys and their  
modulus of elasticity is high. Therefore, these alloys can be designed in a thin manner  
and still remain relatively strong and supportive to the covering porcelain; this advantage  
does not exist in noble alloys, because a relatively thick and heavy framework must be  
made; also the sag resistance for base metal alloys is high. 
     Base metal alloys have the ability to resist corrosion by developing a very thin layer of  
chromium oxide that protects the alloy surface. However, numerous disadvantages are  
reported for these alloys; for instance, because of its hardness property it’s difficult to  
finish and polish the framework, and laboratory labor cost becomes higher due to the  
direct relation between the hardness and the working time.  
     Allergic reactions have been seen in some patients with restorations containing nickel  
and/or beryllium; such reactions were limited to the gingiva that’s in direct  contact with  
such restorations. Precaution must be taken by asking an allergy specialist to test the  
patient for any possible allergies for either Ni or Be. 
     In general, base metal alloys are considered by many dental clinicians to be an  
acceptable alternative for noble alloys [4]. 
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Titanium and Titanium alloys 
     The ADA Council on Scientific Affairs has recently classified titanium between noble  
and high-noble alloys because of its biocompatibility property.   
     Titanium is one of the most available elements in the earth’s crust. Titanium is mostly  
found in a rutile or ilmenite form, which makes it impossible to find as a pure metal in  
nature because of its high affinity to non-metallic elements. It took years for scientists to  
extract titanium in a pure commercial form; in 1937, W.J. Kroll was able to isolate  
titanium by a process known today as the Kroll process [2, 9]. 
 
Titanium Properties 
     Titanium is listed in the forth group of the periodic table, and is considered a very  
unique metal due to its exceptional and special physical and mechanical properties; it  
became the prime selection for a wide range of applications, for instance, titanium has an  
exceptional high strength to weight ratio which makes titanium crowns and bridges  
frameworks very light and relatively strong at the same time. Ti can withstand high  
temperatures (melting point 1668C°) meaning it will not be affected during porcelain  
firing. Ti has a unique resistance to corrosion (acids and body fluids) and a remarkable  
biocompatibility property; for that reason many medical and dental devices/appliances  
are made from titanium, such as, artificial hip joints, heart valves, dental implants and  
fixed and removable dental prostheses. Titanium also is easy to shape and finish, has low  
thermal conductivity, hypoallergic, and most of all, it is an affordable material, making it  
an attractive metal to replace noble alloys [10].  
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Commercially Pure Titanium 
     The ASTM (American Society of Testing and Materials) classified CP Ti into four  
grades; depending on the amount of impurity (oxygen, nitrogen, hydrogen, carbon and  
iron). The behavior of each grade is different and it depends on the amount of the  
impurity elements; theoretically, oxygen, nitrogen and carbon are able to insert  
themselves in the crystal interstices (interstitial elements) that results in increasing the  
hardness and reducing the ductility, meaning CP Ti gets stronger as it goes from grade I  
to grade IV. Grade IV is the strongest and least ductile material among all grades because  
grade IV has the highest level of impurity [10]. The maximum impurity limits of grades I  
to IV CP Ti are listed in Table 1 and their physical and mechanical properties are listed in  
Table 2. 
 
Table 1: Maximum impurity limits (Wt) for CP Ti I to IV grades [11, 12]: 
Type N Fe O C H 
 
Ti 
 
Grade I 0.03% 0.2% 0.18% 0.1% 0.015% 
 
Bal. 
Grade II 0.03% 0.3% 0.25% 0.1% 0.015% 
 
Bal. 
Grade III 0.05% 0.3% 0.35% 0.1% 0.015% 
 
Bal. 
Grade IV 0.05% 0.5% 0.4% 0.1% 0.015% 
 
Bal. 
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Table 2: Physical and mechanical properties for CP Ti grades I to IV [12, 13]: 
Type Tensile 
strength 
Yield 
strength 
   Density Elongation Elastic 
Modulus 
Grade I 240 MPa 170 MPa 4.51 g/cm3 24% 103 GPa 
Grade II 340 MPa 280 MPa 4.51 g/cm3 20% 103 GPa 
Grade III 450 MPa 380 MPa 4.51 g/cm3 18% 103 GPa 
Grade IV 550 MPa 480 MPa 4, 51 g/cm3 15% 103 GPa 
 
Titanium Alloys 
 
     In order to improve the mechanical properties of pure titanium, small amounts of  
several metals have been added to CP Ti, such as, Palladium, Vanadium, Aluminum, Iron  
and others; by such additions, amendment of the mechanical properties have been noted,  
such as, higher tensile strength even at high temperatures, better weldability and  
formability, high resistance to corrosion and stability at high temperature [11]. 
     Pure Titanium undergoes a phenomenon known as allotropic transformation where it  
transforms from one crystal structure to another at a certain temperature (883C°). At low  
temperatures (under 883C°) CP Ti is in a hexagonal close packed structure called α  
phase, and at temperatures higher than 883C° Ti transforms into a body centered cubic  
structure referred to as β phase (Figure 1) [9].    
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Hexagonal close packed structure                                                         Body centered cubic structure 
        α phase Ti (< 883C°)                                                                               β phase Ti (>883C°) 
 
Figure 1:  Crystal structure for α and β Titanium phases. 
 
     Based on this phenomenon, titanium alloys were classified depending on the added  
elements that can stabilize the alloy in one of the transitional phases, by either raising or  
lowering the transition temperature [11]. 
     This classification leads to three categories: α-alloys, which contain α- stabilizer  
elements, mainly aluminum; however, the interstitial elements like oxygen, nitrogen, and  
carbon, also are considered α-stabilizers. These stabilizers are able to extend the α-phase  
field to higher temperatures. β-alloys, consist of β-stabilizer elements, mainly vanadium  
and niobium that reduces the transition temperature and stabilizes the alloy in the β- 
phase. Finally, α-β alloys, which contain both α and β stabilizers [9]. 
     All titanium alloys (α, β and α-β alloys) have different physical and mechanical  
properties, which depend on their microstructure. When comparing α- alloys with other  
titanium alloys, they have higher modulus of elasticity, lower ductility, higher creep  
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resistance and higher resistance to oxidation; they also have lower density, lower strength  
and poorer formability at low temperatures than  β-alloys. α -β alloys are relatively strong  
and easier to be formed than the other titanium alloys [9, 11]. 
      Numerous titanium alloys were tested in dental researchers. However, TiAl6V4 (α-β  
alloy) was one of the first developed titanium alloys (year 1950) and is the most widely  
used alloy for dental and medical prostheses until today, because TiAl6V4 alloy has  
desirable properties such as high strength, light weight, easy to form, outstanding  
corrosion resistance and extraordinary biocompatibility [2]. 
 
Titanium / Titanium Alloy Casting Techniques 
 
     Casting technology is well known for its successes of fabricating fixed and removable  
prostheses from conventional dental metal alloys. Ti and some of its alloys have been  
used as an alternative to many of those conventional alloys. Clinicians and technicians  
have used the same casting technique to prepare  titanium frameworks but sadly found  
that numerous  problems had to be solved first. 
     Titanium has serious weak points when it comes to casting with conventional  
methods. Its melting temperature is high (1668 °C) and its density is relatively low  
(4.5g/cm3); these facts make the melted titanium difficult to be forced into the mold of a  
centrifugal machine, which leads to pores in the cast titanium [1, 11, 14].   
     In addition, when using the conventional casting and investment methods, titanium  
will react with oxygen, nitrogen, carbon, hydrogen and also the investment material itself,  
because Ti is a very active material at high temperatures. This reaction will lead to the  
formation of a very hard impure layer on its external surface that’s called the α-case  
layer; this layer weakens the titanium and makes it less fatigue resistant, leading to  
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possible failure of the prostheses. 
     It wasn’t until 1977 when Ti was first cast and reported in the U.S and most of the  
previous mentioned problems had been studied and solved. Now titanium is cast in a  
specially designed casting machine with a built- in vacuum pump, and an argon  
atmosphere melting chamber. This new design prevents titanium from oxidation due to  
the inert atmosphere and reduces the chance of pore formation. In addition, special  
investment materials that can withstand high melting temperatures (1700Co.), compensate  
for Ti shrinkage and do not react with Ti are utilized to reduce the formation of an α-case  
layer. Al2O3-MgO and commercial phosphate-bonded investment with magnesia cement  
have been found the most suitable investment materials for Ti [14, 15, 16]. Other  
alternative methods such as spark erosion and CAD-CAM are frequently used to make Ti  
components. 
 
Machine Milling Titanium / Titanium Alloys 
     Computer aided design/computer aided manufacturing (CAD/CAM) technology is  
utilized to design and fabricate titanium copings and frameworks. By using this  
technology, the complications that follow titanium casting have been avoided [17]. 
     CAD/CAM technology was able to make the fabrication process easy and fast, where  
a die is scanned by either an optical or touch probe scanner and a digital picture is sent to  
a computer; at this point  the coping will be virtually designed and could even be  
modified if necessary. Finally, the electronic file will be transferred to a special milling  
unit to mill the coping from a Ti rod [18]. Because of the special mechanical and  
chemical properties of titanium, certain criteria must be recognized during milling  
titanium: 
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         1- The milling burs must be sharp and changed frequently because they  tend to  
             wear fast during Ti cutting.  
         2- During the milling process the Ti rod must be fixed firmly to avoid springback  
             deformation because of titanium’s low modulus of elasticity.  
         3- Sufficient amount of milling fluid must be available during the cutting process to  
             avoid overheating the Ti coping [9]. 
     Witkowski et al. investigated the marginal accuracy of both CAD-CAM titanium  
copings and cast titanium copings and found there were no significant differences  
regarding the marginal fit on a die between the two fabrication methods, and both milled  
and cast titanium demonstrated clinically acceptable marginal fit [17]. Leong et al. also  
evaluated the marginal fit of machine-milled titanium and cast titanium for single crowns  
and concluded that there were no significant differences in the marginal fit using either  
technique [19]. A study done by Iok-Chao Pang et al. in 1995 revealed there is no  
difference in the bond strength and interface characteristics between porcelain fired over  
cast or milled titanium frameworks [20].   
 
Porcelain for Metal - Ceramic Restorations 
     Recently, porcelain plays a major role in fabricating different types of widely used  
restorations. It’s used for fabricating inlays, onlays, laminate veneers, full ceramic  
crowns and bridges and veneering metal for PFM prostheses [4, 21]. 
     Porcelain is characterized by its excellent esthetic properties, durability, and  
biocompatibility; however, its low fracture resistance (brittleness) is a major  
consideration. This major disadvantage led clinicians and researchers to find ways of  
strengthening and improving different porcelains. One of the highly successful ways of  
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strengthening porcelain is to support it with a strong metal framework, making PFM  
restorations. 
     Porcelains are classified depending on their firing temperature into three groups [4]: 
High fusing porcelain                     1,288°C to 1,371°C 
Medium fusing porcelain               1,093°C to 1,260°C 
Low fusing porcelain                       660°C to 1,066°C 
     When building PFM restorations the selected porcelain and metal must be chemically,  
mechanically, and thermally compatible [11]. The metal and porcelain must adhere  
chemically to ensure a strong bond; also the metal substructure must be strong and stiff  
enough not to bend or flex under forces which could cause fracture of the veneering  
porcelain. Furthermore, porcelain firing temperature must not exceed the melting point of  
the selected metal alloy because that could lead to distortion of the restoration. The  
coefficient of thermal expansion for both porcelain and metal must match, because  
mismatch will lead to development of thermal stresses within and/or between the  
porcelain and metal during cooling from the firing temperature and consequently lead to  
cracking and chipping of the porcelain off the metal substructure [22]. Finally, due to the  
importance of esthetics, it’s very important that the veneering porcelain is able to mask  
the metal color of the framework to give the restoration a natural appearance. 
 
Titanium Porcelains 
     As previously mentioned, the success of a PFM restoration depends on the harmony  
between the porcelain and metal substructure. Titanium /Titanium alloys have special  
properties that make conventional porcelains not a suitable choice for veneering, and that  
is due to several reasons; for instance, the firing temperatures for conventional porcelains  
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are greater than 900 C0, and these high temperatures can make  the titanium  go through  
undesirable allotropic transformations (α phase and ß phase transformation).  
Furthermore, subjecting titanium to high temperatures leads to development of a very  
thick (around 100 to 1000 nm) unadherent Ti oxide layer (α case layer) which results in  
weakening the bond between porcelain and titanium. Also, the coefficient of thermal  
expansion for conventional porcelains is relatively higher than it is for titanium; the CTE  
for titanium is 9.6 x 10-6/C0, and the CTE for conventional porcelain is 13.7 to 15.5 x 10- 
6/C0. 
     Special low fusing titanium porcelains are available in today’s market; these  
porcelains are characterized by a CTE slightly lower than Ti, ranging from 7.7 to             
8.9 x 10-6/C0. It was found that this slight mismatch (CTE for metal > CTE for porcelain)  
is favorable, because porcelain will be placed under compression after cooling and  
ensures better bond [23].The firing temperatures for titanium porcelains are lower than  
the α – β transition temperature (885 C0), which ranges from 700 to 830 C0. This  
temperature still can cause Ti to oxidize and develop a thick unadherent Ti oxide layer,  
therefore, the porcelain firing process should be operated under high vacuum condition or  
an argon gas atmosphere [23]. 
     The difference in the physical properties between traditional porcelains and low fusing  
titanium porcelains are related to the leucite component (potassium-aluminosilicate). Low  
fusing porcelain contains fewer amounts of leucite crystals, around 8 to 10 %, whereas  
conventional porcelain contains from 35 to 40 % of leucite crystals [21].These crystals  
have a direct relation with the CTE, firing temperatures and hardness [21].  
     Numbers of companies are involved in manufacturing low fusing titanium porcelains,  
such as, Vita (Titankeramik), GC (Initial Ti), Noritake (Ti-22), Dentaurum (Triceram),  
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Verona (Tikorm) and others. 
 
Metal - Ceramic Bond 
     Understanding the bonding mechanism between metals and ceramics is very important  
for the success of a restoration, however, until today such bond still remains not fully  
understood and several theories were suggested to explain the interrelation at the  
porcelain metal interface:   
 Chemical Bonding: 
     Chemical bond is believed to play the primary role in metal-ceramic bonding; it was  
reported that bonding occurs only when a chemical reaction occurs between the metal  
and the porcelain. This bond is achieved through the intermediate oxide layer at the  
interface; in other words, a dental ceramic at the interface partially dissolves and becomes  
saturated with the metal oxide layer that is believed to be permanently bonded to the  
metal substructure. Therefore, a continuous electronic structure is created from the metal  
through the oxide layer into the ceramic and by this structure a chemical bond is  
established [24, 23, 11, 3]. 
     The thickness of the oxide layer has a direct effect on the strength of the chemical  
bond, where a thick oxide layer (greater than 1 µm) was found to have a negative effect  
on the bond strength between the metal and ceramic; on the other hand, no oxide or  
minimum oxide layer will also lead to a weak bond; therefore, the oxide layer must have  
an optimal thickness. 
 Mechanical retention: 
     This mechanism is created through a micro-lock relation between the metal and  
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ceramic. This interlock is created by roughening the metal surface with either  
routing instruments or sandblasting or both, and having good wetting of the metal surface  
with porcelain. Custer and Coyle in 1969 reported that roughening the metal surface can  
increase the bond strength between metal and ceramics; they explained their findings by  
liquefied porcelain could fill the micro-irregularities on the metal surface and lead to a  
locking relation [25].       
     The micro irregularities can enhance the bond by enlarging the effective bonding  
surface; however, mechanical retention alone is not believed to be sufficient to create a  
secure bond [11, 3]. 
 Van der Waals forces: 
 
     Van der Waals bonding is an electrostatic attraction (no exchange of electrons)  
 
between closely spaced neutral atoms and molecules. Van der Waals forces are generally  
 
weak because all the positive and negative charges in these atoms are satisfied in a single  
 
molecule. In metal- ceramic restorations its believed that these forces are affected by the  
 
extent to which the metal substructure is wetted by liquid porcelain; the better the wetting  
 
of the metal the greater the Van der Waals forces and subsequently, the greater the bond  
 
between metal and porcelain, but there is no relation between Van der Waals forces and  
 
the oxide layer [3, 11]. 
 
 Compressive bonding: 
 
     This mechanism depends on the coefficient of thermal expansions for both ceramic  
 
and metal. It was found that when the thermal expansion of the metal is slightly greater  
 
than the overlaying porcelain, the porcelain will be placed under compression during  
 
cooling from sintering and lead to a greater bond. But it’s very important that the  
 
 
 
 
 
17 
 
difference in the thermal expansion be as minimum as possible, because a great  
 
difference will lead to cracking and chipping of the porcelain [11, 3]. 
 
 
 
Titanium - Ceramic Bond And Ways Of Improvement 
 
     The success for any PFM restoration is based mainly on developing a secure bond  
 
between the metal and the veneering porcelain. For titanium – ceramic restorations,  
 
creating a secure bond remains an outstanding issue due to the high oxidative affinity of  
 
the titanium surface. At high temperatures (greater than 800C0) oxidation leads to  
 
developing a thick unadherent oxide layer on the titanium surface and this oxide layer  
 
will spontaneously separate from the Ti surface because of induced stresses caused by the  
 
volume difference between the titanium and its oxide layer [26, 27]. 
 
     As previously mentioned, in order to minimize the high temperature oxidation of the  
 
titanium, it’s important to use special low fusing titanium porcelains and the  firing  
 
process must be conducted in a high vacuum furnace [27]. However, numerous studies  
 
have reported that the bond strength is still not totally satisfying.  
 
     To overcome the unsecure bond problem and create a homogeneous interface, several  
 
studies suggested different surface modification methods: 
 
 Sandblasting: 
 
     The goal behind this technique is to create micro irregularities on the titanium surface  
 
to increase the surface bond area and for removal of debris that might cause surface  
 
contamination and consequent weakening of the metal - ceramic interface and bonding. It  
 
is highly recommended to sandblast the titanium surface with Al2O3, particle size 120 to  
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150 µm and using 2 to 3 bars pressure prior to porcelain application. 
 
     Koenoenen and Kivilahti in1994 evaluated the interface between low fusing porcelain  
 
and sandblasted titanium and electrolytically polished titanium using C-SAM and SEM,  
 
and concluded that a sandblasted titanium surface maintained a better ceramic to titanium  
 
adhesion compared to an electrolytically polished titanium surface [28]. In addition, Acar  
 
et al. in 2007 reported that the only surface treatment that has a positive effect on  
 
titanium ceramic bond strength is sandblasting, whereas, surface treatments such as  
 
sodium hydroxide anodization, and electrical discharge machining showed no effect [29].  
 
This was also supported by Inan et al. study, finding that sandblasting technique has a  
 
great effect on improving bond strength in comparison with electrical discharge  
 
machining [30].  
 
 Bonding agent: 
 
     A special bonding material made from natural feldspathic and metal oxides, is  
 
recommended to be used as a surface treatment to increase the bond strength  
 
between a titanium substructure and its veneering low fusing porcelain. It was reported  
 
that the titanium content of the bonder acts as an scavenger and protects the titanium  
 
from excessive oxidation [31].    
 
     Yao and Luo study indicated that applying a bonding agent has a significant effect on  
 
enhancing the titanium to ceramic adherence [32]. Furthermore, Gilbert et al. found that  
 
applying a bonding agent on the titanium surface and beneath the opaque layer  
 
strengthens the bond and controls the interface structure [33].  
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 Other surface modification methods:  
 
     Numerous other surface treatments are suggested to strengthen the bond between  
 
titanium and low fusing porcelains, however the use of such techniques remains  
 
controversial. Examples of some proposed techniques are: acid etching of the titanium  
 
surface using  hydrochloric acid, laser etching, gold or silicon coating of the titanium  
 
surface and preoxidation. 
 
 
 
Bond Strength Test 
Three-point flexural test 
(Schwickerath crack initiation test) 
     A metal-ceramic bond strength test should be quantitative, reproducible, and easy to  
perform. In comparison to other tests such as shear and tensile tests the three-point  
flexure bond  test is a popular method for measuring bond strength and has the following  
advantages: less expensive, simple to perform, the samples are easy to design and  
manufacture,  reproducible manufacturing of specimens, quantitative determination of the  
bond strength, testing of all possible metal - ceramic combinations, and use of a  
commercially available testing machine. The stress distribution in three-point bending  
test has been analyzed with finite element methods [11]. During testing, the area directly  
under the load force is subjected to compression stresses while the peripheries of the  
sample just above the supports are subjected to shear stresses and the bottom middle of  
the sample is subjected to tension stresses [Figure 2] . 
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Figure 2: Stress distribution during three point bending test. 
     Hammad and Talic studied different testing methods to evaluate the metal-ceramic  
bond strength and reported that during three point bend test the finite element analysis  
shows great tensile stresses compare to shear stresses, which leads to tensile failure.  
Tensile stresses are found to be either perpendicular or parallel to the ceramic- metal  
interface [34]. 
     Schwickerath crack initiation test was adopted and described by ISO 9693-1:2010,  
 
where it was reported that for a ceramic-metal complex to have clinically acceptable  
 
bond strength the results of Schwickerath crack initiation test must be greater than 25  
 
MPa. This test depends on knowing the Young’s modulus and the thickness of the tested  
 
metal substructure. To perform this test, the specimens must be made from a flat  
 
rectangular metal strip with certain measurements and porcelain applied on the exact  
 
center of one side of the metal strip. This test is conducted in a universal testing machine,  
 
where the samples are placed on two supports with the porcelain positioned on the  
 
opposite side of the applied load; then the force is applied at one point on the center of  
 
the sample. The fracture force Ffail (Newton) is measured by failing of the sample by a  
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debonding crack at one end of the porcelain and this measurement could be collected by  
 
observing the sudden drop of the load-deflection graph. Finally, the bond strength b  
 
(MPa) is calculated by the following equation:  
 
 b = k  Ffail 
 
The coefficient k is a function of the metal substructure thickness and its modulus of  
 
elasticity, and coefficient k could be read from Figure 3 [35]. 
 
 
 
 
 Figure 3: Diagram to determine the coefficient k as a function of metal substrate thickness dM and modulus 
of elasticity EM of metallic material [35]. 
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Load to Failure Test (Static Loading) 
     Load to failure testing is the process of measuring the maximum load value (Newton)  
at which a ceramic - metal complex fails. It is then possible to anticipate the intraoral  
behavior of a ceramic - metal restoration under normal and excessive load conditions.  
This test involves loading the occlusal surface of a prosthesis with a spherical indenter, or  
equivalently using a flat compression platen against the incisal edge of a prosthesis, using  
a universal testing machine [36].   
 
Aging Tests 
1-  Cyclic Fatigue (Cyclic Loading): 
     Cyclic fatigue testing is performed by subjecting a restoration to repeated loading and  
unloading periods, within a moist environment. If the loads are greater than a certain  
value, microscopic cracks will start to form at stress concentrators and eventually the  
cracks will propagate through the entire material and result in sudden fracture and failure.  
Cyclic fatigue forces are described by many investigators to be the most destructive form  
of mechanical loadings. 
     Once a restoration is placed in the oral cavity it will be subjected to similar repeating  
cyclic loading. These cyclic forces develop during the chewing process and are  
conducted in a water-rich environment of the mouth. Clinically, accumulation of  
microstructure damage during mastication may induce a catastrophic failure  
[37]. Therefore, it is important to understand the subcritical crack growth behavior of  
ceramic materials veneered over metal substructures if one wants to estimate the lifetime  
of structures and load-bearing components. Such testing has the advantage of not  
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requiring pre-cracking of a sample, which is expected to better mimic a real dental  
prosthesis placed in the oral cavity [3]. However, it was reported by Özcan, that  
complexities of the oral environment and varied surface topography of dental restorations  
make it difficult to precisely define the magnitude and mode of stresses causing clinical  
fracture [38]. 
2- Thermal Cycling Testing: 
     Laboratory thermal cycling is a process that simulates the temperature changes that  
occur in the oral cavity; these temperature changes are induced by routine drinking,  
eating and even breathing [39].  
     Thermal cycling test reveals the weaknesses and fatigue that happens in materials and  
/ or the interface between them due to induced thermal stresses. Many studies concluded  
that thermal cycling testing leads to dramatic reduction in the adhesion between metals  
and ceramics; furthermore, numerous  reports mentioned that thermal cycling induces  
repeated stresses on the ceramic - metal interface and eventually leads to  bond failure  
between the two materials. 
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Statement Of Problem: 
     Since the 1980s, clinicians and researchers are looking for alternatives for high noble  
and noble alloys to be used as a substructure in PFM restorations and Ti and Ti alloys  
were selected due to their unique properties. Several difficulties have interfered with the  
performance of these PFM systems and one of the major problems is the poor bond  
between Ti and porcelains. In order to overcome the problem a special bonding agent and  
low fusing titanium porcelains have been developed to improve the bond.  Due to  
ongoing problems with the porcelain bond, the use of Ti and porcelain materials for  
building PFM prosthesis is still very limited. 
     Strength of a restoration is one of the most important properties for any dental  
restoration and clinicians and researchers are always finding ways to improve the strength  
property.  Dental ceramics are known for their natural appearance and their durable  
chemical and optical properties; however, dentists have remained suspicious of their  
structural longevity. All-ceramic crowns are subject to fracture during function,  
especially in the posterior area, so finding ways to improve the strength and fracture  
resistance is and will continue to be ongoing research.   
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Objectives: 
 
 Part I: 
     The aim of this study was to evaluate the bond strength of three different veneering  
 
porcelains fired over CP Titanium and a CAD/CAM ceramic cemented to CP Titanium. 
 
 
 Part II: 
 
     The aim of this study was to evaluate and compare the fracture load of low fusing  
 
titanium porcelain fired over CP titanium, and two commercial CAD / CAM materials  
 
with and without CP Ti substructure. Also to evaluate the effect of cyclic fatigue and  
 
thermal cycling on fracture resistance.  
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Part I 
 
 
 
BOND STRENGTH BETWEEN VENEER PORCELAINS AND 
CAD/CAM CERAMIC TO CP TITANIUM 
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Materials and Methods: 
     Bond strength was evaluated with Schwickerath crack initiation test (three point  
bending test) according to ISO 9693:2010, while the mode of failure and metal - ceramic  
interface were evaluated using SEM and EDS analysis. 
Selected Materials: 
1- Metal substructure: 
     Grade II commercial pure titanium was selected to be used as a metal framework; the  
levels of impurity and the physical and mechanical properties are mentioned in Tables 1  
and 2.  
2- Low fusing titanium porcelains: 
     Three commercial low fusing titanium porcelains were included in this study to be  
fired over CP titanium. Titankeramik (Vita), Triceram (Dentaurum), and Initial Ti (GC).  
All of these low fusing porcelains are exclusively developed to veneer titanium and its  
alloys frameworks; the CTE for these low fusing porcelains are relatively lower than the  
CTE for Ti and Ti alloys. Table 4 shows the manufacturer names and properties for each  
titanium porcelain tested in this study, and Figures 4, 5, and 6 show the commercial  
products.  
 
 
 
 
 
 
 
 
 
 
 
28 
 
Table 4: Manufacturers names, and properties given by the manufacturers for the tested low fusing titanium 
porcelains. 
 
Properties 
     
Titankeramik 
       
Initial Ti 
 
Ticeram 
 
Manufacturer 
 
 
Vita, Germany 
 
GC Corporation, Japan 
 
Dentaurum, 
Germany 
 
 
Firing Temperature 
 
770-800°C 
 
780°C 
 
 
795°C 
 
Coefficient of thermal 
expansion of porcelain 
dentin 
 
8.2 - 8.9x10-6             (25-
500°C) 
 
8.5 – 8.7x10-6            (25-
500°C) 
 
8.6 x10-6 (25-500°C) 
 
Glass transition 
Temperature 
 
583 C0 
 
580 C0 
 
 
Density 
 
  
2.45 (g/cm2) 
 
 
Solubility of porcelain 
dentin 
 
 
 
5.3 (μg/cm2) 
 
       
         11 (μg/cm2) 
 
55 (opaue) and 31 
(dentin) (μg/cm2) 
 
Flexural strength 
 
 
>50 MPa 
           
          70 MPa 
 
85 MPa 
 
Bonding strength       
(MPa) 
  
74 MPa 
 
 
 
42 MPa 
 
Mean particle size 
(μm; D 50%) 
 
              18.9 
 
22.2 
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Figure 4: Titankeramik Porcelain (Vita). 
 
 
Figure 5: Triceram porcelain (Dentaurum). 
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Figure 6: Initial Ti Porcelain (GC). 
 
3- CAD- CAM ceramic: 
     One CAD – CAM ceramic (Mark II ceramic from Vita) was selected to be tested in  
this study. Mark II ceramics are made from fine feldspathic crystalline particles  
embedded in a glassy matrix. The physical and mechanical properties for Mark II ceramic  
are listed in Table 5. Figure 7 shows a commercial block.  
 
 
 
 
 
 
 
 
 
 
 
 
31 
 
Table 5: Physical and mechanical properties for Mark II ceramics as reported by the manufacturer (Vita). 
 
Property 
 
Value 
 
Density 
 
2.44 ± 0.01 g/cm3 
 
Coefficient of thermal expansion  
 
9.4 ± 0.1x10-6/0C 
 
Transformation temperature 
 
780-790 0C 
 
Knoop Hardness HK  
 
521 ± 8 
 
Vickers Hardness HV 
 
640 ± 20 
 
Flexural Strength 
 
154 ± 15 MPa 
 
Young’s Modulus 
 
63.0 ± 0.5 GPa 
   
 
 
Figure 7: Mark II ceramic block (Vita). 
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4- Cement:  
     Multilink implant cement (Ivoclar) was chosen to cement Mark II ceramic over CP  
titanium substructure. Multilink implant cement is a luting composite, with dual – cure  
polymerization mechanism; this cement is designed to bond metal, metal - ceramic, or all  
- ceramic restorations to implant abutments (titanium, zirconia). It is recommended by the  
manufacturer to use Multilink implant cement in combination with a universal primer  
(Monobond plus) to strengthen the bond. Tables 6 and 7 show the composition and  
mechanical properties as published by the manufacturer. Figure 8 shows the commercial  
product. 
 
Table 6: Composition for Multilink Implant Cement (in % by weight). 
 
Composition 
 
Base 
 
catalyst 
 
Dimethacrylates and 
HEMA 
 
31.5 % 
 
31.2% 
 
Ytterbium trifluoride 
 
23% 
 
23% 
 
Silicon dioxide 
 
5.1% 
 
5.1% 
 
Ba-Al-Fluoro silicate glass 
 
39.4% 
 
39.4% 
 
Initiators and stabilizers 
 
1% 
 
1.3% 
 
Pigments 
 
< 0.01% 
 
- 
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Table 7: Mechanical properties for Multilink Implant Cement. 
 
Properties 
 
Self-curing 
 
Dual-curing 
 
Flexural strength 
 
70 ± 20 MPa 
 
110 ± 10 MPa 
 
Modulus of elasticity 
 
3500 ± 500 MPa 
 
6000 ± 400 MPa 
 
Compressive strength 
 
240 ± 20 MPa 
 
280 ± 20 MPa 
 
Vickers hardness  
 
- 
 
440 ± 30 MPa 
 
 
 
 
Figure 8: Multilink implant cement (Ivoclar). 
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Testing groups: 
Table 8: Testing groups. 
 
Group # 
 
Composition 
 
Sample # 
 
1 
 
Titankeramik / CP Ti 
 
16 
 
2 
 
Triceram / CP Ti 
 
16 
 
3 
 
Initial Ti / CP Ti 
 
16 
 
4 
 
Mark II / Multilink cement  / CP Ti 
 
16 
  
Sample preparation: 
All sixty four samples were prepared and designed as recommended by ISO 9693 [34]. 
1- Preparation of titanium bars: 
     Sixty four titanium bars were cut to the following measurements; 25 ± 1mm x 3 ±  
0.5mm x 0.5 ± 0.05mm (Figures 9 and 10). 
  
 
                                                                   25mm                            
     
      3mm                                                                                                                 0.5mm       
.                Figure 9: Titanium bar in the recommended measurements 25x3x0.5mm. 
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Figure 10: Titanium bar. 
     All Ti bars were treated prior to porcelain application. First, each Ti bar was  
sandblasted using a sand blaster basic professional unit (Renfert, Hilzingen, Germany) at  
the center of the Ti bar (measurements limited to 8 mm x 3 mm), using Al2O3, particle  
size 125µm at an angle of 450 for 10 seconds from a distance of approximately 2 cm, and  
under 2.5 bar pressure. Ti bars were then left for passivation for 5 to 10 min in air to  
allow surface oxidation. Finally, the Ti bars were ultrasonically cleaned in distilled water  
for 10 min and allowed to dry at room temperature; Figure 11 shows a sandblasted Ti bar. 
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. 
Figure 11: Ti bar sandblasted at the center. 
 
2- Low Fusing Titanium Porcelain Application (This step includes groups 1, 2 
and 3): 
     Forty eight Ti bars were divided equally and randomly into 3 groups (each group  
has16 samples), where each group is made up from a different commercial low fusing  
porcelain; group 1: Titankeramik / CP Ti, group 2: Triceram / CP Ti, and group 3: Initial  
Ti /CP Ti. 
     Before porcelain application, it was necessary to adjust the firing temperature and  
holding time for each porcelain, and it was found that, for the best firing results all   
porcelains must be fired at temperatures 40 degrees greater than the recommended  
temperature and 1min longer for the holding time. 
     According to the manufacturer’s instructions and ISO 9693, the porcelains were  
applied over the sandblasted surface of the Ti bars with dimensions limited to 8 mm x 3  
mm x1 mm. All porcelain layers were fired in Vacumat 6000 M furnace (Vita Zahnfabrik  
H. Rauter GmbH & Co. Kg, Germany) (Figure 12). 
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Figure 12: Vacumat 6000 from Vita. 
 
     First, a thin layer of bonding agent was applied symmetrically on the center portion of  
the Ti bars, particularly, over a length of 8 ± 0.1 mm and 3 mm wide. The bonding agent  
obtains a shiny glassy appearance after firing.  Table 9 shows the firing schedule. 
 
Table 9: Firing schedule for Titankeramik bonder, Triceram bonder, and Initial Ti bonder. 
 
Porcelain  
bonder 
 
Preheating 
temperature 
 
Drying 
time 
Raising 
temperature 
rate 
 
Vacuum 
 
Final 
temperature 
 
Holding time 
 
Titankeramik        
bonder 
 
400 C0 
 
6 min 
 
67 C0 / min  
 
Yes 
 
840 C0 
 
2 min 
 
Triceram 
bonder 
 
500 C0 
 
4 min 
 
65 C0 / min 
 
Yes 
 
835 C0 
 
2 min 
 
Initial Ti 
bonder 
 
450 C0 
 
4 min 
 
55 C0 / min 
 
Yes 
 
840 C0 
 
2 min 
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     After bonder firing, a uniform coat of opaque porcelain was applied directly over the  
fired bonder with the same measurements and fired according to the following schedule,  
Table 10. 
Table 10: Firing schedule for Titankeramik opaque, Triceram opaque, and Initial Ti opaque: 
 
Porcelain 
     opaque 
 
Preheating 
temperature 
 
Drying 
time 
Raising 
temperature 
rate 
 
Vacuum 
 
Final 
temperature 
 
Holding time 
Titankeramik 
opaque 
 
400 C0 
 
2 min 
 
78 C0 / min 
 
Yes 
 
830 C0 
 
2 min 
Triceram 
opaque 
 
500 C0 
 
4 min 
 
65 C0 / min 
 
Yes 
 
835 C0 
 
2 min 
Initial Ti 
opaque 
 
450 C0 
 
4 min 
 
55 C0 / min 
 
Yes 
 
840 C0 
 
2 min 
      
      Finally, porcelain body was built up and formed with the use of a rectangular mold,  
made from Polysiloxane impression material ( Exaflex putty, GC); at this point the body  
porcelain was packed densely into the mold, and in order to prevent the porcelain body  
from sticking  to the mold a very thin layer of separating agent was applied on the mold  
and the excess water during packing was removed by absorbable wipes ( Kimwipes EX –  
L). The dimensions were slightly larger than recommended to compensate for firing  
shrinkage.  After firing, the final dimensions were adjusted to 8 mm x 3 mm x 1mm with  
a high speed rotary instrument and a diamond bur and glazed at appropriate temperatures  
(Figures 13 and 14). The firing schedules for the porcelain bodies are listed in Table 11. 
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Table 11: Firing schedules for Titankeramik body, Triceram body, and Initial Ti body. 
 
Porcelain  
body 
 
Preheating 
temperature 
 
Drying 
time 
 
Raising 
temperature 
rate 
 
Vacuum 
 
Final 
temperature 
 
Holding 
time 
 
Titankeramik 
body 
 
400 C0 
 
6 min 
 
53 C0 / min 
 
Yes 
 
810 C0 
 
2 min 
 
Triceram 
body 
 
500 C0 
 
6 min 
 
55 C0 / min 
 
Yes 
 
795 C0 
 
2 min 
 
Initial Ti 
body 
 
400 C0 
 
6 min 
 
45 C0 / min 
 
Yes 
 
820 C0 
 
2 min 
 
 
 
 
                           Figure 13: Final shape and dimension of the samples.   
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Figure 14: Titankeramik porcelain fired and glazed over Ti bar. 
 
3- Mark II Ceramic Cementation (This step includes group 4): 
     Mark II blocks were sectioned into 16 bars with measurements 8 mm x 3 mm x 1mm  
using a high speed Isomet 2000 Buehler Saw (Buehler Ltd., Lake Bluff,IL) then cleaned  
with distilled water and dried by air.  
     One surface of the Mark II bars was subjected to acid etching with 5% hydroflouric  
acid for 45 seconds, then washed and air dried. 
     Following the manufacturer’s instructions for Multilink implant cement, a thin coat of  
Monobond Plus was first applied on both the acid etched surface of the Mark II bar and  
the sandblasted surface of the Ti bar and left for 60 seconds then dried with air. 
     Mark II bars were cemented with Multilink implant cement over the center of the Ti  
bars (on the sandblasted area) and the excess cement was then removed. The samples  
were placed under weights (1340 g) and kept until the cement totally set.   
     Finally, the ceramic surfaces were polished with diamond polishing paste (Diamond  
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Twist SCO from Premier) and polishing wheels (Easy Polishing Set from Vident) (Figure  
15 a and b). 
 
a      
b      
Figure 15: a, Mark II ceramic block sectioned into bars. b, Mark II ceramic bar cemented on Ti bar with 
Multilink implant cement. 
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Testing procedure: 
1- Three point bending test (Schwickerath crack initiation test ) for  
          bond strength [35]: 
     15 samples from each group were tested for bond strength using Schwickerath crack  
initiation test (ISO 9693); the test was performed in an Instron universal testing machine  
(Model 4202, Instron Co., Norwood, MA) (Figure 16). The samples were placed in a  
bending apparatus with the ceramic facing downward and opposite to the applied force;  
they were seated symmetrically over two round supports with a 20 mm span distance.  
The samples were loaded at the center with a cylindrical bending piston (radius 1.5 mm).  
Figure 17 shows a diagram for three point bending test, and Figure 18 shows a sample  
placed in the Instron machine for three point bending test. 
 
 
Figure 16: Instron universal testing machine. 
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                                                                                      Cross head speed 1 mm / mim 
Titanium bar 
 
                                                                                                     
                                                                                                   Porcelain    
 
Span distance 20 mm 
Figure 17: Diagram for three point bending test. 
 
 
Figure 18: Sample placed in the Instron machine for three point bending test. 
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The load was applied at a constant rate of 0.5 mm / min, using a 10 N load cell for  
groups 1, 2 and 3, and 100 N load cell for group 4. The load was recorded when  
disruption of the load deflection curve occurred, indicating bond failure. The fracture  
force (bond failure) F fail (Newton) was measured when a debonding crack occurred at one  
end of the ceramic layer. The bond strength b was calculated by multiplying the fracture  
force Ffail by the coefficient k .                                      
 b = k  Ffail 
 
      Coefficient k is determined by the Ti bar thickness dM (0.5 ± 0.05 mm) and its  
modulus of elasticity EM (103 GPa), and by these values the coefficient k could be read  
from Figure 3 [35]. 
 
Statistical analysis: 
     To reveal the statistical significance of the data, the results of bond strength were  
analyzed using One – Way ANOVA and Tukey method at P ≤ 0.05.  
 
2- Mode of failure evaluation: 
     After initial debonding of porcelain, the samples were subjected to continued loading  
until the porcelain was completely separated from the titanium. The metallic and  
porcelain fracture surfaces for each sample from all groups were then evaluated by the  
naked eye to understand the possible different modes of failure. Depending on the site of  
debonding the failure modes were divided into three groups: adhesive failure when less  
than 25% of the metallic fracture surface was covered by remaining porcelain, therefore  
the major debonding site was at the interface; cohesive failure when more than 75% of  
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the metallic fracture surface was covered with remaining porcelain, therefore the  
debonding site was within the porcelain layers; and finally,  mixed failure  when 50% of  
the metallic surface was covered with porcelain (mix of adhesive and cohesive failures). 
     Titanium fracture surface for each possible failure mode were evaluated using  
scanning electron microscopy (XL 20, Philips Electronics, Eindhoven, NL), and smart  
map EDS analysis (INCA system from Oxford Instruments, High Wycombe, England)  
that is attached to the SEM, Figure 19. The porcelain fracture surface for the adhesive  
mode of failure was also evaluated using SEM and smart map EDS analysis and  
compared to clear porcelain. 
 
 
Figure 19: Scanning electron microscope. 
     The selected titanium and porcelain bars were glued to stubs using carbon tape, with  
the fracture surface facing upwards, then a thin silver paint coat was applied on the  
peripheries and left to set for 24 hours. Finally they were sputter coated with gold to  
prevent electrical charging, using a sputter – coating unit (Hummer II, Anatech,  
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Springfield, VA) (Figure 20 a and b). The operating parameters were: placing the sample  
flat and perpendicular to the electron beam at 12 mm distance from the final lens;  
acceleration voltage was 15 KV; and magnification was150 X for the SEM and 1000x for  
the EDS.  
 
a   
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b    
 
Figure 20: Samples prepared for SEM and EDS analysis. a, fracture surface of  titanium. b, clear and 
fracture surface of porcelain. 
 
 
3- Titanium – ceramic interface evaluation:  
 
     One sample from each group (not subjected to three point bending test) was randomly  
 
selected to study the characteristics of the Ti – ceramic interface using scanning electron  
 
microscope (XL 20, Philips Electronics, Eindhoven, NL).  For element distribution and  
 
analysis, a line scan EDS analysis and a smart map EDS analysis were performed with  
 
energy dispersive X-ray spectroscope (INCA system from Oxford Instruments, High  
 
Wycombe, England) that is attached to the SEM (Figure 19). 
 
     Prior to the analyses, the specimens were embedded in epoxy resin (Epoxicure,  
 
Buehler, USA) that was poured into a cylindrical mold, and after 24h storage at room  
 
temperature the samples were sectioned in a horizontal plane directly across the Ti –  
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ceramic interface using a high speed Isomet 2000 Buehler Saw (Buehler Ltd., Lake Bluff,  
 
IL). The specimens were first polished with diamond impregnated discs (70 µm, 45 µm,  
 
15 µm) under continuous water cooling. Final polishing was performed with 1 µm  
 
diamond suspension fluid (MetaDi Supreme Polycrystaline Diamond Suspension,  
 
Buehler, USA) in a grinding / polishing machine, Buehler Polisher (Ecomet 3, Buehler  
 
Ltd., Lake Bluff IL) (Figure 21). The samples were then cleaned and dried. 
 
 
 
 
Figure 21: Buehler Polisher unit. 
 
     The samples were glued to stubs with Duco cement, and conductive silver paint was  
 
applied on the peripheries  of the samples, and kept for 24 h to set. Finally, they were  
 
sputter coated with gold in a sputter – coating unit (Hummer II, Anatech, Springfield,  
 
VA) (Figure 22). The interfaces were imaged under 15KV acceleration voltage and at  
 
magnifications of  500 X and 1000 X. Additionally, the line scanning and smart map  
 
EDS analyses were imaged at 1000 X magnification. 
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Figure 22: Sample prepared for interface evaluation with SEM and EDS. 
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Results: 
 
1- Bond strength (Three point bending test): 
 
     The mean bond strength values of CP Ti / Titankeramik, CP Ti / Triceram, CP Ti /  
 
Initial Ti, and CP Ti / Mark II ceramic were 22.3 ± 8.5 MPa, 16.6 ± 9.9 MPa, 10.0 ± 6.9  
 
MPa, and 59.0 ± 17.7 MPa respectively. One way ANOVA and Tukey multiple  
 
comparisons tests were performed to determine the groups that are statistically similar or  
 
statistically different;  group 4  (Mark II cemented over CP Ti using multilink implant  
 
cement) has significantly greater bond strength than the three other groups ( p≤0.05).  
 
Group 1 is significantly higher than group 3, but similar to group 2 and there is no  
 
significant difference between groups 2 and 3 (Figure 23 and Table 12.) 
 
 
 
Table 12: Results of bond strength of veneer porcelains and MKII to CP Ti (Groups with the same  
 
letter are not significantly different): 
 
Group Bond Strength ( MPa) Significant Difference 
Group 1: 
Titankeramik/CP Ti 
22.3 ± 8.5  
A 
Group 2: Triceram/CP Ti 16.6 ± 9.9  
AB 
Group 3: Initial Ti/CP Ti 10.0 ± 6.9  
B 
Group 4: Mark II CP/ Ti 59.0 ± 17.7  
C 
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Figure 23: Mean bond strength (MPa) of four ceramic – metal combinations. 
 
 
2- Mode of failure (SEM): 
 
     Failure modes after three point bending test for all four groups were found to be a  
 
combination of adhesive failure (failure at the ceramic – metal interface), cohesive failure  
 
(failure within the porcelain layers), or mixed (a combination of adhesive and cohesive  
 
failures). A criterion was developed to determine the failure mode; if porcelain remnants  
 
cover less than 25% of the Ti surface is considered adhesive failure, when more than 75%  
 
of the Ti surface shows retained porcelain is considered cohesive failure, and if 50% of  
 
the Ti surface is covered with retained porcelain that is mixed failure.     
 
     Groups 1, 2, and 3 predominantly failed in an adhesive mode. For group 1; 80% of the  
 
samples showed an adhesive type of failure, 13% failed in a cohesive mode, and 7%  
 
showed mix type of failure (Figures 24, 25, 26). For groups 2 and 3; 70% of the samples  
 
failed in an adhesive mode and 30% failed in a cohesive mode (Figures 27,28,29,30), 
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while group 4 all of the samples failed at the cement area, where there were traces of  
 
cement on both fracture surfaces (Figure 31). 
  
 
 
Figure 24: SEM photomicrograph of adhesive failure for Titankeramik / CP Ti, the dark areas represents 
retained porcelain (P) and light areas represent the metal (M). 
 
 
 
Figure 25: SEM photomicrograph of cohesive failure for Titankeramik / CP Ti (the whole Ti fracture 
surface is covered with retained porcelain). 
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Figure 26: SEM photomicrograph of mixed failure for Titankeramik / CP Ti (the light areas are clear Ti 
(M) and the darker areas are remaining porcelain (P). 
 
 
Figure 27: SEM photomicrograph of adhesive failure for Triceram / CP Ti, the dark areas represents 
retained porcelain (P) and light areas represent the metal (M). 
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Figure 28: SEM photomicrograph of cohesive failure for Triceram / CP Ti (the whole Ti fracture surface is 
covered with remaining porcelain). 
 
 
Figure 29: SEM photomicrograph of adhesive failure for Initial Ti / CP Ti, the dark areas represents 
retained porcelain (P) and light areas represent the metal (M). 
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Figure 30: SEM photomicrograph of cohesive failure for Initial Ti / CP Ti (the whole Ti fracture surface is 
covered with porcelain). 
 
 
Figure 31: SEM photomicrograph of mixed mode of failure for Mark II cemented over CP Ti (there are 
traces of cement on the Ti fracture surface). 
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      It was noted that the samples that failed adhesively showed a gray discoloration on the  
fracture side of the porcelain when they were evaluated by the naked eye (Figure 32).  
Smart map EDS scan showed high concentration of Ti, O and Si on porcelain fracture  
surface, while EDS scan for clean porcelain showed high concentration of Si and O. And  
these features were seen in all three tested low fusing porcelains (Figures 33, 34, 35, 36,  
37, 38). 
 
       
Figure 32: Fracture surface of the porcelain, the surface is discolored in gray. 
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Figure 33: SEM and Smart Map EDS analysis for the Titankeramik porcelain fracture site at 1000X.  The 
quantitative results show the present elements and their concentration, there is high amount of Ti, Si, and O 
all distributed on the porcelain fracture surface. On the smart maps the white areas present the amount and 
the distribution of the elements. 
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Figure 34: SEM and smart map EDS analysis for clear Titankeramik porcelain at 1000x. The quantitative 
results show a high amount of O, Si and C. The smart maps show the distribution of O and Si in the 
porcelain. 
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Figure 35: SEM and smart map EDS analysis for the Triceram porcelain fracture site at 1000X.  The 
quantitative results show the present elements and their concentration, there is high amount of Ti, Si, and O 
all distributed on the porcelain fracture surface. On the smart maps the white areas present the amount and 
the distribution of the elements. 
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Figure 36: SEM and smart map EDS analysis for clear Triceram porcelain at 1000x. The quantitative 
results show a high amount of O, Si .The smart maps show the distribution of O and Si in the porcelain. 
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Figure 37: SEM and smart map EDS analysis for the Initial Ti porcelain fracture site at 1000X.  The 
quantitative results show the present elements and their concentration, there is high amount of Ti, Si, and O 
all distributed on the porcelain fracture surface. On the smart maps the white areas present the amount and 
the distribution of the elements. 
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Figure 38: SEM and smart map EDS analysis for clear Initial Ti porcelain at 1000x. The 
quantitative results show a high amount of O, Si .The smart maps show the distribution of O and 
Si in the porcelain. 
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3- Ti – ceramic interface characterization (SEM / EDS): 
     SEM photomicrographs of the titanium-ceramic interfaces for all four groups are  
shown in Figures 39, 40, 41, and 42. SEM images for groups 1, 2, and 3 showed  
excessive porosity within the veneering porcelains in comparison to Mark II ceramic.  
The pores are also seen distributed randomly along the interface area;  in addition, there  
are large separations (gaps) at the titanium – ceramic interface especially in groups 2 and  
3 (Figures 40, 41). These features may have contributed to the poor bond strength  
between CP Ti and low fusing titanium porcelain.    
     SEM image for group 4 (Figure 42) shows excellent adaptation between the ceramic  
and cement and the cement with the titanium.  
 
 
Figure 39: SEM image of CP Ti – Titankeramic porcelain interface (arrows pointing to the pores). 
 
 
 
 
 
 
64 
 
 
Figure 40: SEM image of CP Ti - Triceram porcelain interface (arrows pointing to the pores). 
 
 
Figure 41: SEM image of CP Ti / Initial Ti porcelain interface (arrows pointing to the pores).  
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Figure 42: SEM image of Mark II ceramic cemented over CP Ti with multilink cement.  
 
     The results for line scan EDS analysis of all tested groups are shown in Figures 43, 44,  
45, and 46. The scan was taken from the metal towards the bonding agent; it was noted  
that Ti element showed progressive reduction from the metal to the bonding agent, while  
Si and O behaved in an inverse way (sudden increase in their concentration from the  
interface towards the ceramic). In group 2 (Triceram porcelain) there was high  
concentration of Zr within the porcelain itself (Figure 44) also it was noted for group 3  
(Initial Ti porcelain) there is a big gap between the Ti element and the Si and O elements  
at the interface on the line scan EDS analysis. 
     The line scan EDS analysis for group 4 (Mark II ceramic cemented with multilink  
implant cement over CP Ti) affirmed the main element composition for the three  
components; high concentration of Ti at the metal, high Si and O concentration at the   
ceramic and high concentration of Yb, Ba, Si and F at the cement (Figure 46).  
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Figure 43: Line scan EDS analysis for Titankeramik porcelain over CP Ti from metal toward the bonding 
agent (1000X). This analysis shows at the interface sudden drop in Ti element (light blue) and rapid 
increase in Si and O (Si green and O red). 
 
 
 
Figure 44: Line scan EDS analysis for Triceram porcelain over CP Ti from metal toward the bonding agent 
(1000X). This analysis shows at the interface sudden drop in Ti element (red) and rapid increase in Si and 
O (Si purple and O yellow), dark blue shows the high concentration of Zr. 
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Figure 45: Line scan EDS analysis for Initial Ti porcelain over CP Ti from metal toward the bonding agent 
(1000X). This analysis shows at the interface sudden drop in Ti element (blue) and sudden increase in Si 
and O (Si green and O red). 
 
 
                                      
Figure 46: Line scan EDS analysis for Mark II ceramic cemented over CP Ti with multilink implant cement 
(1000X). M is the Mark II ceramic, C is the cement, and Ti is the titanium bar. 
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     The results for smart map EDS analysis that was taken across the Ti-porcelain  
interface for all veneer porcelain groups are revealed in Figures 47,48, and 49. The  
analyses showed high concentration of the Ti element at the metal area and high Si and O  
amount at the porcelain region; but there was no evidence of diffusing elements at the  
interface area for groups 1,2 and 3.      
 
 
 
 
 
Figure 47: Smart map EDS analysis for Titankeramic / CP Ti at 1000X magnification. 
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Figure 48: Smart map EDS analysis for Triceram / CP Ti at 1000X magnification. 
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Figure 49: Smart map EDS analysis for Initial Ti / CP Ti at 1000X magnification. 
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Discussion: 
     This study evaluated the bonding characteristics of 3 commercially available  
porcelains specially designed for use with titanium, and CAD/CAM ceramic cemented  
onto titanium, using three point bending test and SEM / EDS analysis. 
     The aim of measuring the bond strength is to measure the resistance of a system to  
applied stresses and residual stresses. In this study, bond strength of the three tested  
titanium porcelains (Titankeramik, Triceram, Initial Ti) fired over CP Ti did not exceed  
the lower limit of 25 MPa as stipulated in ISO 9693 standard for the three point bending  
test [35], while cementing Mark II ceramic with Multilink implant cement over CP Ti did  
significantly exceed this lower limit. 
      Numerous studies reported significantly low bond strengths between low fusing  
titanium porcelains and CP Ti in comparison with conventional metal – ceramic systems  
[20, 40, 41, 42, 43]; the results of these studies are quite similar to the findings of the  
current investigation. Adachi et al. (1990) reported that the poor bond between titanium  
and low fusing porcelain is due to the weak adhesion between the metal and the thick  
metal oxide layer or the poor adhesion within the thick metal oxide layer itself; this thick  
oxide layer is a result of continual oxidation of the titanium especially at high  
temperatures that ends with developing a thick unadherent titanium oxide layer [44].  
Kimora et al. also studied the effect of titanium oxidation on the porcelain- titanium bond  
and reported that the thicker the TiO2 layer the weaker will be the bond and this is due to  
induced stresses developed in both the Ti oxide layer and the metal surface; furthermore,  
the higher the porcelain firing temperature the thicker will be the TiO2 layer [45].  
Although it is difficult to determine and measure the thickness of the titanium oxide layer  
using the SEM / EDS, it was clear that excessive pores and large separations located  
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along the interface  contributed to the weak bond between the porcelains and titanium and  
these pores were most seen in groups 2 and 3. These findings were also reported by M.  
Könönen and J. Kivilahti, where they reviewed the bond between titanium and low fusing  
porcelain and found a crack at the interface and suggested it is due to a thick oxide layer  
on the Ti surface that prevented SiO2 from the bonder to interact with the titanium  
substructure [31]. In addition, Zinelis et al. suggested that the pores might be attributed to  
the burn out of the organic component of the bonding agent during the firing process  
[46]. It was also seen in both line scan and smart map EDS analyses of the titanium –  
porcelain interfaces that there is no obvious elemental diffusion across the interface  
where such diffusion is considered to play a major rule in a secure metal – ceramic bond.  
At the interface there was a sudden drop in the titanium concentration just before the  
interface, followed by a rapid increase in the silicon and oxygen concentration as the line  
scan moves from the titanium towards the porcelain; this feature was observed in all three  
tested low fusing porcelains fired over Ti. Zinelis et al. reported a similar element  
behavior across the tested interfaces [46]. The presence of a thick metal oxide layer and  
its negative effect on the porcelain – metal bond could be supported by the results of  
mode of failure analyses, where all three tested titanium porcelains fired over titanium  
failed predominantly in an adhesive mode, meaning that the bond between the porcelains  
and titanium was relatively weak and could not withstand the applied force. These  
findings are similar to those found by Garbelini et al. Haag and Nilner, and Troia Jr. et al.  
[43, 47, 48]. In addition, the gray discoloration that was noted on the fracture surface of  
O, and Si, while the clear porcelain did not contain any Ti. 
     Based on the finding of this investigation and the previous mentioned literature, it  
could be suggested that a thick TiO2 layer did develop on the Ti surface during the  
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porcelain firing, even though the firing temperatures were low, and this thick oxide layer  
is poorly attached to the Ti surface, therefore, the Ti - ceramic bond is weak.   
     The low flexural strength for low fusing porcelain / Ti coping could also be related to  
the processing technique of the porcelain itself, where according to the manufacturers  
instruction, its required to fire the porcelain at relatively low temperatures and during a  
short period of time (rapid heating rate); this will interfere with the porcelain  
densification process, and develop multiple internal defects distributed within the  
porcelain.  
      Several studies reported that the bond strength between titanium and porcelain after  
different modifications is sufficient in relation to the ISO standard; however, there was  
still a significant difference in bond strength compared to conventional PFM  [47].  
Studies done by Sadeq et al. and Atsü & Berksun [49, 40] found that firing low fusing  
porcelain in an argon atmosphere  improves the titanium-ceramic bond and they indicated  
that the argon atmosphere could limit the titanium oxidation. Özcan et al. applied a coat  
of SiO2 on the titanium surface prior to bonder firing and expected it to serve as an  
oxygen barrier during ceramic firing and therefore improve the bond; however, they  
concluded that SiO2 did not positively improve the ceramic –titanium bond for all tested  
titanium porcelain brands [50]. 
     Cementing Mark II (CAD / CAM) ceramic over CP Ti with Multilink implant cement  
showed a significantly greater bond / retentive strength when compared to firing low  
fusing porcelain over CP Ti; the SEM image showed a harmonious adaptation between  
the ceramic and the cement and between the cement and the Ti surface. Carnaggio et al.  
evaluated the retentive strength of different cements by cementing all- ceramic CAD /  
CAM crowns over titanium implant abutments and concluded that Multilink implant  
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cement is a strong adhesive cement with great adaptation to both all- ceramic restorations  
and titanium bases [51]. These findings were consistent with Gultekin et al. who also  
studied the retentive strength of different cements and reported that Multilink implant  
cement is a strong retentive luting material with great bonding ability with both all- 
ceramic restorations and metal frameworks such as Ti and Zr [52].     
     Titanium’s unique properties will make it remain an attractive metal for different  
dental restorations; however,  firing low fusing porcelains onto titanium substructures is  
still considered an unsuitable clinical application as long term clinical studies are  
unavailable at the present time. A short term clinical study done by Kaus et al. [53]  
showed high rates of failure for titanium-ceramic restorations, 15% for single crowns and  
41% for FPDs; the modes of failure varied from ceramic cracks to partial and complete  
porcelain detachment. However, clinical successes for conventional metal-ceramic  
restorations is well documented in today’s literature, where such restorations have 98.3%  
success rate after 10 year follow up. Therefore, further in-vitro research and longitudinal  
clinical studies are necessary for making titanium-ceramic restorations a successful  
clinical application.  
     Because there may be various factors limiting the development of a secure bond  
between low fusing porcelains and CP Ti, it was reported by numerous studies that  
improving and controlling the Ti oxide growth during porcelain firing process is the most  
important aspect that needs consideration; this might be accomplished by altering the  
titanium surface or by altering the porcelain firing process and/or firing environment .  
Furthermore, changing the porcelain composition might also contribute to improving the  
bond, as it was reported by the current study and several other investigations that there  
are significance differences in the bond strength among the different commercial low  
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fusing porcelain brands [46, 47].The concept of cementing ceramic rather than firing onto  
Ti substructures has positively improved the system and made the bond more secure and  
reliable. By cementing ceramic, there will be no more complications related to firing or  
high temperatures that leads to developing poor bonds between Ti and veneering  
porcelains. Furthermore, during the process of sample preparation, it was found that  
cementing CAD/CAM ceramic over CP Ti is less time consuming and much easier to  
prepare when compared to the preparation process that’s required for veneering CP Ti  
with low fusing porcelains. The technicians skills and technique sensitivity in the  
manipulation of low-fusing ceramics during laboratory fabrication may have some  
influence on the mechanical properties and final outcome of the restoration as reported by  
Attia et al. and Chen et al. [54, 55], while machinable ceramics are manufactured under  
optimized industrial conditions. 
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Study limitations: 
 
1- There are commercial low fusing titanium porcelains available in today’s  
 
market that were not tested in this study.  
 
2- Titanium alloys such as titanium-aluminum-vanadium alloy were not tested  
 
as a substructure in this study.  
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Conclusions: 
Within the limitations of this study, the following conclusions can be drawn: 
1- The bond strength of Mark II ceramic cemented with Multilink implant cement on CP  
    Ti was significantly greater than the bond strength of all the tested veneered porcelains  
    fired on CP Ti. 
2- There was no statistically significant difference in the bond strength between  
    Titankeramik porcelain/CP Ti and Triceram porcelain/CP Ti. 
3- There was no statistically significant difference in the bond strength between Triceram  
     Porcelain/CP Ti and Initial Ti porcelain/CP Ti. 
4- There was a statistically significant difference in the bond strength between  
    Titankeramik porcelain/CP Ti and Initial Ti porcelain/CP Ti. 
5- Mode of failure for groups 1, 2, and 3 was predominantly adhesive failure, while group  
    4 showed failure at the cement site. 
6- Firing porcelain over CP Ti is not a suitable clinical application and further  
    investigations are required in order to improve this system. 
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Part II 
 
 
 
EVALUATION OF FRACTURE LOAD AND EFFECT OF AGING ON 
LOW FUSING PORCELAIN FIRED OVER CP TI AND CAD / CAM 
MATERIALS CEMENTED ONTO CP TI.  
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Materials and Methods: 
  Materials:  
1- Grade II CP titanium (Noble Biocare). 
2- Titankeramik porcelain (Vita). 
3- Mark II ceramic (Vita). 
4- Lava Ultimate (3M ESPE). 
5- Multilink implant cement (Ivoclar). 
6- Epoxy resin (3M Scotch-Weld, DP100 FR.). 
 
Table 13: Materials used and some of their physical properties. 
 
 
Materials 
 
Elastic modulus 
(GPa) 
Coefficient of 
thermal 
expansion 
 (10-6K-1) 
 
Flexural 
strength 
(MPa) 
 
Fracture 
toughness (MPa 
× m1/2) 
 
Grade II CP Ti 
 
103 
 
9.6 
 
340 
 
- 
 
Titankeramik 
porcelain 
 
67 
 
 
8.2 - 8.9 
 
>50 
 
- 
 
Mark II ceramic 
 
63.0 ± 0.5 
 
9.4 
 
154 
 
1.26 
 
Lava Ultimate  
 
20 - 25 
 
- 
 
200 
 
2.0 
 
Multilink implant 
cement 
 
3.5  
 
- 
 
70 
 
- 
 
Epoxy resin 
 
 
0.00448 
 
- 
 
- 
 
- 
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Experimental groups: 
 
Table 14: Experimental groups; composition and number of samples: 
 
Group  
 
Composition 
 
Samples 
 
A 
 
Titankeramik porcelain /  
CP Ti 
 
30 
 
B 
 
Mark II ceramic / CP Ti 
 
30 
 
C 
 
Mark II ceramic alone 
 
30 
 
D 
 
Lava Ultimate / CP Ti 
 
30 
 
E 
 
Lava Ultimate alone 
 
30 
 
 
 
 
 
 
 
 
 
 
 
 
81 
 
Methods: 
Sample preparation: 
      1- CP Ti copings: 
     90 molar copings were milled from grade II CP titanium by Noble Biocare. All  
copings were identical with 0.5 mm wall thickness (axial and occlusal) (Figure 50).                    
 
                                                        
Figure 50: Milled titanium molar copings. 
 
2- Veneering CP Ti copings with Titankeramik porcelain (group A): 
     30 samples were prepared for this group. Each titanium coping was sandblasted in a  
sand blaster basic professional unit (Renfert, Hilzingen, Germany) with Al2O3, particle  
size 125 µm at 2.5 bar pressure and left for passivation in  room air for 10 min; then  
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cleaned with distilled water in an  ultrasonic machine for another 10 min and finally dried  
by air (Figure 51).   
 
 
Figure 51: Sandblasted Ti coping. 
 
     First, a thin layer of bonder paste was applied uniformly on the surface of the titanium  
copings, then fired in a Vacumat 6000 M furnace (Vita Zahnfabrik H. Rauter GmbH &  
Co. Kg, Germany) (Figure 12), according to the firing schedule mentioned in Table 9.  
After bonder firing was completed, the copings had a glassy, shiny appearance. A  
uniform layer of opaque was then applied on the coping surface and fired according to  
Table 10 schedule in the Vacumat 6000 furnace.  
     For the porcelain body to be built to the same thickness as the other tested groups  
(2 mm axial and 3.5 mm occlusal) a mold made from Polysiloxane impression material  
(Exaflex putty,GC) (Figure 52)   
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Figure 52: Mold made for porcelain buildup. 
 
was first prepared. The inner surface of the mold was coated with a thin layer of a  
separating agent to prevent the porcelain from sticking to the mold. After mixing the  
porcelain powder and liquid together, it was then packed into the mold and  then the Ti  
coping was pushed over the porcelain until the whole coping was covered with   
porcelain. After that, the excess water was removed by placing the mold with the coping  
on a vibrator, where the excess water moved to the surface and then was removed with  
absorbable wipes. The porcelain was then fired in Vacumat 6000 M furnace according to  
the firing schedule in Table 11.  Finally, the crowns were glazed, using the same furnace  
(Figures 53 a and b). 
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a    
b   
Figure 53 a and b: Titankeramik porcelain fired over CP Ti coping. 
 
3- Veneering CP Ti copings with Mark II ceramic and Lava Ultimate                                                                
(Groups B and D): 
     30 samples were prepared for each group, B and D. Ti molar coping was first seated  
on an epoxy die and sprayed with titanium dioxide spray (Contrast Spray Labside,  
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Ivoclar), then the coping was scanned with In-Eos optical laboratory scanner and the data  
was then forwarded to a computer where an optical impression was then produced; the  
final molar crown design was then created. Mark II ceramic and Lava Ultimate blocks  
were milled in a Cerec InLab unit (Sirona, Bensheim, Germany), using software version  
3.82, (Figure 54) to the required size (1.5 mm axial thickness and 3 mm occlusal  
thickness)  
 
 
Figure 54: Cerec milling unit and an In-Eos optical scanner. 
 
     After milling Mark II and Lava ultimate blocks into crowns, they were cemented onto  
CP Ti copings using Multilink implant cement following the manufacturer instructions  
for both the cement and the materials. 
     All 60 titanium copings were sandblasted with Al2O3, particle size 125µm at2.5 bar  
pressure, and then cleaned with distilled water in an ultrasonic machine for 10 min and  
dried with air.  
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      For Mark II crowns, the inner surface was acid etched with HF acid 5% for 45  
seconds, then washed with distilled water and dried by air; while Lava Ultimate crowns  
were sandblasted  with Al2O3, particle  size 50µm at 2 bar pressure, then cleaned with  
alcohol and dried with air.  A thin coat of Monobond was applied on both the titanium  
copings and the inner surface of the crowns and left for 60 sec then dried with air. The  
Mark II and Lava Ultimate crowns were cemented using Multilink implant cement on the  
titanium copings. Excess cement was removed and the crowns were  placed under a load  
of 1.34 kg until the cement set (self curing).  
     Finally, the crowns were polished with diamond polishing paste (Premier Diamond  
Twist SCL) and polishing wheels (Easy Polishing Set from Vident) (Figure 55 a, b).   
 
a      
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b      
Figure 55: a, Mark II crown cemented onto CP Ti coping with multilink implant cement for group B. b, 
Lava Ultimate crown cemented onto CP Ti coping with multilink implant cement for group D.  
 
4- Full contour Mark II and Lava Ultimate crowns (tested without Ti copings)   
(Groups C and E):  
     In order to design full contour crowns for groups C and E with the same  
measurements as groups A, B, and D (axial thickness  2mm and occlusal thickness  
3.5mm) two samples from group B cemented on epoxy dies were aligned on a fixture  
with an epoxy die between them, they were all scanned separately using an In-Eos optical  
laboratory scanner. The images were then correlated to the optical impression from the  
epoxy die to have the same measurements and design of the adjacent crowns. The final  
design was then saved and 30 Mark II and 30 Lava Ultimate crowns were milled in Cerec  
InLab units (Sirona, Bensheim, Germany) using software version 3.82. 
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     Finally, the crowns were polished with diamond polishing paste (Premier Diamond  
Twist SCL) and polishing wheels (Easy Polishing Set from Vident) (Figure 56 a, b). 
 
 
a      
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b      
Figure 56: a, Full contour Mark II molar crown for group C. b, Full contour Lava Ultimate molar crown for  
group E. 
 
5- Preparation of epoxy dies: 
     An anatomical master molar die and a silicon duplication of the master die were  
supplied by Noble Biocare. 150 replicas of the master die were fabricated of epoxy resin  
(3M Scotch- Weld, DP100) (Figures 57 a, b and c).      
 
 
 
 
 
 
90 
 
a     
 
b      
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c      
Figure 57: a, epoxy resin from 3M. b, Silicon duplication. And c, anatomical epoxy die. 
 
 
Testing procedures:  
     Three testing procedures were performed.  
1- Load to failure. 
2- Cyclic fatigue. 
3- Thermal cycling.  
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Load to failure: 
     10 samples from all 5 groups were prepared to determine failure load. All crowns  
were first cemented with Multilink implant cement on an anatomical epoxy die and the  
excess cement was removed. A load of 1.34 kg was applied to the crowns during curing  
of the cement (Figure 58). 
 
 
Figure 58:  Crown cemented with Multilink implant cement on an epoxy die. 
 
     The dies with cemented crowns were then placed in a metal fixture with the occlusal  
surface parallel to the floor and were surrounded with epoxy (Scotch-Weld, 3M) to  
prevent the samples from moving during testing (Figure 59). 
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Figure 59: Sample placed in a metal fixture. 
 
     For the determination of the failure load of the crowns, a 5.5 mm hardened steel ball  
was positioned on the middle of the crowns occlusal surface, in a position where it  
touched the cusps of the crown. A compressive load was applied to the specimens using a  
universal testing machine (Model 4202, Instron Co., Norwood, MA) with a 10,000 N  
load cell, at 0.5 mm/min crosshead speed. The samples were loaded until catastrophic  
failure occurred and the load was automatically recorded by the machine (Figure 60). 
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Figure 60: Sample tested for load to failure. 
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Cyclic Fatigue:  
     10 samples from each group were tested for the effect of cyclic fatigue on the failure  
load. All crowns were cemented with Multilink implant cement on anatomical epoxy  
dies, and placed in metal fixtures with the occlusal surface parallel to the floor; the dies  
with the crowns were surrounded by epoxy to ensure their position. The samples with the  
metal fixtures were then placed in plastic cylinders with a closed end and filled with  
water. A 5.5 mm hardened steel ball was placed on the occlusal surface, then the plastic  
cylinders were covered to prevent the water from evaporating during testing (Figure 61 a  
and b).    
 
   a    
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  b                     
Figure 61 a & b: Sample prepared for cyclic fatigue testing. 
 
     The prepared samples were placed in a cyclic fatigue machine and cycled for 50,000  
cycles at 50% of the previously determined minimum load bearing capacity (Table 15  
shows the testing parameters for each group) (Figure 62).The survived samples were  
loaded in the Instron machine until failure occurred (Figure 60). 
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Figure 62: Samples placed in the cyclic fatigue machine. 
 
 
Table 15: The parameters for cyclic fatigue test. 
Group # Number of cycles Load (Newton) Time 
 
A 
 
50,000 
 
250 N 
 
833 min 
 
B 
 
50,000 
 
1500 N 
 
833 min 
 
C 
 
50,000 
 
500 N 
 
833 min 
 
D 
 
50,000 
 
1200 N 
 
833 min 
 
E 
 
50,000 
 
700 N 
 
833 min 
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Thermal cycling: 
     10 samples from each group were tested for the effect of thermal cycling on failure  
resistance. Thermal cycling was performed for 50,000 cycles between 5.5 ◦C and 55 ◦C in  
water in a laboratory built thermal cycling machine. The dwell time at each temperature  
was 30 sec and the transfer time from one bath to the other was 15 sec (Figure 63). 
 
      
Figure 63:  Thermal cycling machine. 
 
     After completion of the thermal cycling test, all samples were prepared as previously  
for load to failure testing, and tested in the Instron machine for failure load (Figures 58,  
59, 60). 
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Statistical Analysis: 
     The results were expressed as means ± standard deviations. The difference  
in failure load, cyclic fatigue and thermal cycling were assessed using one-way  
analysis of variance (ANOVA). Tukey-Kramer HSD tests was also performed  
for multiple comparisons between the variance.   P-value ≤ 0.05 was regarded  
as statistically significant.  
     All statistical analyses were performed using JMP version 10.0. 
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Results: 
Load to failure: 
      Mean failure load, standard deviation and coefficient of variance for all tested groups  
are presented in Table 16 and Figure 64.  
 
Table 16: Results for failure loads for all tested groups. 
 
 
Group 
Number of 
samples 
 
Failure load (N) 
(Mean ± SD) 
 
 
C.O.V (%) 
 
Group A 
Titankeramik porcelain / CP Ti 
 
 
 
10 
 
 
872.5 ± 172.7 
 
 
19.7 
 
Group B 
Mark II ceramic / CP Ti 
 
 
 
10 
 
3810.2 ± 393.5 
 
10.3 
 
Group C 
Mark II ceramic alone 
 
 
10 
    
1813.8 ± 579.7 
 
31.9 
 
Group D 
Lava Ultimate / CP Ti 
 
 
 
10 
 
 
3389.5 ± 592.8 
 
 
17.4 
 
Group E 
Lava Ultimate alone 
 
 
10 
 
2015.1 ± 363.8 
 
18.0 
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Figure 64: Failure load means of the tested groups. 
 
     The data was analyzed using one-way ANOVA to determine if there were significant  
differences between the tested groups. Analysis of variance indicated that there was a  
significant difference between groups  P < 0.0001 (Table 17).  .  
     One-way ANOVA and Tukey-Kramer HSD comparisons at a 0.05 level of  
significance show that firing Titankeramik low fusing porcelain over CP Ti (Group A)  
has significantly lower failure load than all other groups.  In addition, cementing Mark II  
ceramic and Lava Ultimate onto CP Ti  copings with Multilink implant cement (Groups  
B and D) have significantly higher failure load than all other groups. However, there is  
no significant  difference in failure load between cemented Mark II and Lava Ultimate   
over CP Ti coping.  There is also no significant difference in failure load between full  
0
500
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contour Mark II and full contour Lava Ultimate crowns. Table 18 shows the statistical  
significance among the tested groups using Tukey-Kramer HSD test. 
 
         Table 17: One-way ANOVA of the load to failure values for the different tested groups. 
  
Sum of 
Squares 
 
 
df 
 
Mean 
Square 
 
 
F 
 
 
Sig. 
 
Group 
 
57907970 
 
 
4 
 
14476993 
 
72.0542 
 
<.0001 
 
Error 
 
9041318 
 
45 
 
200918.17 
  
 
Total 
 
66949288 
 
 
49 
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Table 18:  Tukey-Kramer HSD test shows the statistical differences among the different groups (Groups  
with the same letters are statistically similar). 
 
Group # Mean of failure load (N) Significant Difference 
 
Group A 
Titankeramik porcelain / 
CP Ti 
 
 
 
872.5 ± 172.7 
 
 
A 
 
 
Group B 
Mark II ceramic / CP Ti 
 
 
3810.2 ± 393.5 
 
 
B 
 
Group C 
Mark II ceramic alone 
 
    
1813.8 ± 579.7 
 
C 
 
Group D 
Lava Ultimate / CP Ti 
 
 
 
3389.5 ± 592.8 
 
 
B 
 
Group E 
Lava Ultimate alone 
 
 
2015.1 ± 363.8 
 
C 
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Mode of failure: 
 
                                     Figure 65: Mode of failure for group A (Titankeramik/CP Ti). 
 
 
 
Figure 66: Mode of failure for group A (Titankeramik/CP Ti). 
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Figure 67: Mode of failure for group B (Mark II/CP Ti). 
 
 
 
Figure 68: Mode of failure for group B (Mark II/CP Ti). 
 
 
 
 
 
 
 
106 
 
 
 
Figure 69: Mode of failure for group C (Mark II). 
 
 
 
Figure 70: Mode of failure for group D (LAVA Ultimate/CP TI). 
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Figure 71: Mode of failure for group E (LAVA Ultimate). 
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Effect of cyclic fatigue on the fracture strength:  
     The mean values of the fracture load after cyclic fatigue are reported in Table 19 and  
Figure 65.     
 
Table 19: Mean load to failure after and without cyclic loading. 
 
Group # 
 
Testing 
condition 
 
 
Sample 
 # 
 
Mean ± SD 
 
C.O.V 
% 
Std. 
Error 
Mean 
95% Confidence 
Interval for Mean 
Lower 
Bound 
Upper 
Bound 
 
 
A 
Without 
cyclic 
loading 
 
10 
 
872.5 ± 172.7 
 
19.7 
 
54.61 
 
749 
 
996.1 
 
With cyclic 
loading 
 
10 
 
476.3 ± 213.4 
 
 
44.8 
 
67.49 
 
323.7 
 
629.0 
 
 
B 
Without 
cyclic 
loading 
 
10 
 
3810.2 ± 393.5 
 
10.3 
 
124.45 
 
3528.7 
 
4091.7 
With cyclic 
loading 
 
10 
 
2618.3 ± 467.1 
 
17.8 
 
147.7 
 
2284.1 
 
2952.4 
 
 
 
C 
Without 
cyclic 
loading 
 
10 
 
1813.8 ± 579.7 
 
31.9 
 
183.32 
 
1399.1 
 
2228.5 
With cyclic 
loading 
 
10 
 
1541.3 ± 288.7 
 
18.7 
 
 
91.29 
 
 
1334.8 
 
1747.8 
 
 
D 
Without 
cyclic 
loading 
 
10 
 
  3389.5 ± 592.8 
 
17.4 
 
187.7 
 
2965.4 
 
3813.6 
With cyclic 
loading 
 
10 
 
2196.7 ± 583.3 
 
26.5 
 
184.46 
 
1779.4 
 
2614 
 
 
E 
Without 
cyclic 
loading 
 
10 
 
2015.1 ± 363.8 
 
18.0 
 
115.07 
 
1754.8 
 
2275.4 
With cyclic 
loading 
 
10 
 
1825.9 ± 593.1 
 
32.4 
 
187.57 
 
1401.6 
 
2250.2 
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Figure 72: Effect of cyclic fatigue on failure strength and the percentage change. 
 
      The data were analyzed using one-way ANOVA to determine if there were significant  
differences. Analysis of variance indicated that there was a significant difference between  
groups and between the different testing conditions, P< 0.0001 (Table 20).  
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Table 20: Analysis of Variance for the effect of cyclic loading on failure strength.  
 Sum of 
Squares 
 
DF 
Mean 
Square 
 
F ratio 
 
Sig. 
 
Group 
 
94654761 
 
9 
 
10517196 
 
51.4607 
 
<.0001 
 
Error 
 
18393614 
 
90 
 
204373.49 
  
 
Total 
 
113048375 
 
99 
   
     
     Comparisons for all pairs using Tukey-Kramer HSD at a 0.05 level of significance  
indicated that cyclic loading had a significant effect on lowering the failure resistance for   
groups A, B and D. However, there was no significant effect on groups C and E (Table  
21). 
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Table 21: Tukey test shows the statistical differences among the different groups. 
 
 
Group # 
Mean failure load  
Percentage 
change 
 
 
 
 
Significant 
difference 
Without cyclic 
loading 
(N) 
With cyclic 
loading 
(N) 
 
A 
 
872.5 ± 172.7 
 
476.3 ± 213.4 
 
 
45.4% 
 
YES 
 
B 
 
3810.2 ± 393.5 
 
2618.3 ± 467.1 
 
31.3% 
 
YES 
 
C 
 
1813.8 ± 579.7 
 
1541.3 ± 288.7 
 
15% 
 
NO 
 
D 
 
3389.5 ± 592.8 
 
2196.7 ± 583.3 
 
35% 
 
YES 
 
E 
 
2015.1 ± 363.8 
 
1825.9 ± 593.1 
 
9.3% 
 
NO 
 
     Group A (Titankeramik porcelain over Ti coping) before and after cyclic fatigue has a  
statistically significant lower failure resistance than all tested groups. Table 22 shows the  
groups that are statistically similar and different according to Tukey-Kramer HSD test. 
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Table 22: Comparisons for all pairs using Tukey-Kramer HSD for all tested groups (Levels not connected  
by same letter are significantly different.). 
 
Groups and conditions 
 
Mean of failure load 
 
Significant difference 
 
 
A 
 
Without cyclic loading 
 
872.5 ± 172.7 
 
D 
 
With cyclic loading 
 
476.3 ± 213.4 
 
 
E 
 
 
B 
 
Without cyclic loading 
 
3810.2 ± 393.5 
 
A 
 
With cyclic loading 
 
2618.3 ± 467.1 
 
B 
 
 
C 
 
Without cyclic loading 
 
1813.8 ± 579.7 
 
C 
 
With cyclic loading 
 
1541.3 ± 288.7 
 
C 
 
 
D 
 
Without cyclic loading 
 
3389.5 ± 592.8 
 
A 
 
With cyclic loading 
 
2196.7 ± 583.3 
 
B C 
 
 
E 
 
Without cyclic loading 
 
2015.1 ± 363.8 
 
B C 
 
With cyclic loading 
 
1825.9 ± 593.1 
 
C 
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Effect of thermal cycling on fracture strength:  
     The mean failure loads with and without thermal cycling for all tested groups are  
reported in Table 23 and Figure 66. 
 
Table 23: Mean load to failure with and without thermal cycling.  
 
Group # 
 
condition 
 
Sample # 
 
Mean ± SD 
 
C.O.V 
    % 
Std. Error  
Mean 
95% Confidence Interval for 
Mean 
Lower 
Bound 
Upper 
Bound 
 
 
 
A 
Without 
thermal cycling 
 
10 
 
872.5 ± 172.7 
 
19.7 
 
54.6 
 
749 
 
996.1 
With thermal 
cycling 
 
10 
 
779.6 ± 233.6 
 
29.9 
 
73.9 
 
612.4 
 
946.7 
 
 
 
B 
Without 
thermal cycling 
 
10 
 
3810.2 ± 393.5 
 
10.3 
 
124.4 
 
3528.7 
 
4091.7 
With thermal 
cycling 
 
10 
 
3189.9 ± 463.25 
 
14.5 
 
146.5 
 
2858.6 
 
3521.4 
 
 
 
C 
Without 
thermal cycling 
 
10 
 
1813.8 ± 579.7 
 
31.9 
 
183.3 
 
1399.1 
 
2228.5 
With thermal 
cycling 
 
   10 
 
1849 ± 383.9 
 
20.7 
 
121.4 
 
1574.4 
 
2123.7 
 
 
 
D 
Without 
thermal cycling 
 
10 
 
3389.5 ± 592.8 
 
17.4 
 
187.5 
 
2965.4 
 
3813.6 
With thermal 
cycling 
 
   10 
 
2991.2 ± 651.4 
 
  21.7 
 
206 
 
2525.2 
 
3457.2 
 
 
E 
 
Without 
thermal cycling 
 
10 
 
2015.1± 363.8 
 
18.0 
 
115.1 
 
1754.8 
 
2275.4 
With thermal 
cycling 
 
     10 
 
1269.2 ± 320.5 
 
25.2 
 
101.3 
 
1039.9 
 
1489.5 
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Figure 73: Effect of thermal cycling on failure load and the percentage change. 
 
      The data were analyzed using one-way ANOVA to determine if there were significant  
differences. Analysis of variance indicated that there was a significant difference between  
groups and between the different testing conditions, P< 0.0001 (Table 24).  
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Table 24: Analysis of Variance for the effect of thermal cycling on failure load. 
 Sum of 
Squares 
 
DF 
Mean 
Square 
 
F ratio 
 
Sig. 
 
Group 
 
105663231 
 
9 
 
11740359 
 
60.2595 
 
<.0001 
 
Error 
 
17534709 
 
90 
 
194830.1 
  
 
Total 
 
123197940 
 
99 
   
      
     Comparisons for all pairs using Tukey-Kramer HSD at a 0.05 level of significance  
indicated that thermal cycling had no statistically significant effect on the failure load for  
all tested crowns except for group E (Full contour Lava Ultimate crowns), where thermal  
cycling had significantly reduced the failure load by 37%, (Tables 25 and 26).  
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Table 25: Tukey test shows the statistical differences between with and without thermal cycling among the 
different groups. 
 
 
Group # 
Mean failure load  
Percentage 
change 
 
 
 
 
Significant  
difference 
Without thermal 
cycling 
(N) 
With thermal 
cycling 
(N) 
 
A 
 
872.5 ± 172.7 
 
779.6 ± 233.6 
 
10.6% 
 
NO 
 
B 
 
3810.2 ± 393.5 
 
3189.9 ± 463.25 
 
      16% 
 
 
NO 
 
C 
 
1813.8 ± 579.7 
 
1849 ± 383.9 
 
      -2% 
 
NO 
 
D 
 
3389.5 ± 592.8 
 
2991.2 ± 651.4 
 
11.6% 
 
NO 
 
E 
 
2015.1 ± 363.8 
 
1269.2 ± 320.5 
 
37% 
 
YES 
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Table 26: Comparisons for all pairs using Tukey-Kramer HSD for all tested groups (Groups with the same 
letters are statistically similar). 
 
Group # and conditions 
 
Mean of failure load 
 
Significant difference 
 
 
A 
 
Without thermal cycling 
 
872.5 ± 172.7 
 
E 
 
With thermal cycling 
 
779.6 ± 233.6 
 
E 
 
 
B 
 
Without thermal cycling 
 
3810.2 ± 393.5 
 
A 
 
With thermal cycling 
 
3189.9 ± 463.25 
 
AB 
 
 
C 
 
Without thermal cycling 
 
1813.8 ± 579.7 
 
CD 
 
With thermal cycling 
 
1849 ± 383.9 
 
CD 
 
 
D 
 
Without thermal cycling 
 
3389.5 ± 592.8 
 
AB 
 
With thermal cycling 
 
2991.2 ± 651.4 
 
B 
 
 
E 
 
Without thermal cycling 
 
2015.1 ± 363.8 
 
C 
 
With thermal cycling 
 
1269.2 ± 320.5 
 
DE 
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Summary of the data: 
  
 
      Figure 74: Means of load to failure before and after thermal cycling and cyclic fatigue, and  
the percentage change (Blue is the percentage change from thermal cycling. 
Red is the percentage change from cyclic loading). 
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Discussion: 
 Load to failure: 
     This in vitro study compared the mechanical properties of five different crown groups  
made from different components, including; low fusing Titankeramik porcelain fired over  
CP Ti copings, Mark II ceramic crowns cemented onto CP Ti copings with Multilink  
implant cement, full contour Mark II crowns, Lava Ultimate crowns cemented onto CP Ti  
copings with Multilink implant cement, and full contour Lava Ultimate crowns.  
     Numerous variables can contribute to the differences in the failure loads for different  
dental restorations; therefore, controlling these variables was essential in this study before  
testing. The shape and size of the dies were identical, although the anatomical epoxy dies  
do not exactly reproduce the mechanical behavior of dentine cushioned by a periodontal  
membrane, but they did provide a reproducible support. The thickness of all samples was  
uniform, a fixed load was applied during cementation, the same cement was used to  
cement the CAD / CAM crowns to the metal substructure and cement the samples onto  
the epoxy dies, and the contact zone at loading and the loading rate was the same.  
     The mean masticatory forces developed by the posterior teeth in human beings have  
been reported to be approximately from 200 N up to 540 N [54]. As found in this study,  
the mean fracture strengths for all tested groups were higher than the reported mean  
maximum masticatory forces. Based on these findings, it could be expected that crowns  
from Titankeramik porcelain fired on CP Ti, cementing CAD/CAM crowns from Mark II  
ceramic and Lava Ultimate  with Multilink implant cement onto CP Ti copings and full  
contour crowns from Mark II ceramic and Lava Ultimate could withstand maximum  
masticatory forces.   
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     Based on clinical and laboratory evidence, ceramic – metal and CAD-CAM all –  
ceramic and composite resin restorations fail predominantly in the mode of ceramic or  
composite fracture [38]. Several studies have reported that the microstructure of the  
crown material, the bond strength between the crown components and tooth interfaces,  
and the luting agents may influence the fracture load of the definitive restoration [54].  
The mean failure load for Titankeramik porcelain / CP Ti was significantly lower than all  
other tested groups. Its failure load was approximately 4 times lower than Mark II and  
Lava Ultimate crowns cemented onto a Ti coping with Multilink implant cement, and  
approximately 2 times lower than full contour Mark II and Lava Ultimate crowns.  
Whereas clinical experience indicates that conventional metal - ceramic crowns are more  
durable and have greater failure resistance than full contour ceramic  and composite resin  
crowns [55]. Several factors can contribute to the reduced fracture load of low-fusing  
porcelain / CP Ti crowns, such as the presence of large flaws and porosities within the  
porcelain and interface, development of volume defects during porcelain sintering, and  
poor bond between the low fusing  porcelain and the titanium substructure as concluded  
in part one of this study and numerous other studies [20, 40, 41, 42, 43]. In addition, it  
was also reported by Attia et al. and Chen et al. [54, 56] that fabrication of restorations  
with low fusing porcelains (that requires hand build-up) are technique sensitive and their  
mechanical properties could be affected by the manipulation process itself. The tested  
CAD / CAM materials have improved densities and mechanical properties and more  
structure reliability because of the standardized manufacturing process [57, 58].   
     The differences in the failure load among the tested crowns might also be elucidated  
by the elastic modulus property of each crown component. It was reported by Attia et al.  
and Rekow et al. [54, 59] that supporting  brittle materials with less stiff materials (lower  
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modulus of elasticity; such as resin cements, epoxy resin and human dentine) tends to  
minimize stress in the overlying brittle material, and such materials tend to transfer stress   
to the underlying structures; where on the other hand, materials with high modulus of  
elasticity (such as titanium) tend to withstand higher stresses before plastic deformation  
occurs and transfer less stress to the underlying components. H. Zhao et al. and Kim et al.  
[60, 61] reported that failure of brittle coating materials can be by both compressive  
loading on the occlusal surface and radial cracks at the interface. When a compressive  
load is applied on the occlusal surface of a crown, cone like cracks will develop just near  
the contact area where the highest tensile stress develops. These tensile stresses will  
transfer below the loaded area to the lower part of the coating material and at its interface  
with the underlying material. The interface stresses are a result of variations in the strain  
behavior of the different crown components and these tensile stresses are more sensitive  
to the differences in the elastic modulus between the materials than the thickness of the  
materials itself  [54, 62]. In addition, as reported by several studies, failure of the  
veneering materials does not indicate damage at the occlusal surface only, but rather from  
subsurface radial cracks at its interface with the underlying material. The radial cracks  
ultimately cause failure to the veneering materials. Yielding of the underlying materials  
greatly enhances deflection of the veneering material and thereby increases tensile stress  
at the lower surface of the veneering material and at the interface resulting in radial  
fracture of the coating materials [55, 60, 62, 63].  
     In the current study, five different crowns made from different components were  
tested. It was found that cementing Mark II and Lava Ultimate crowns with Multilink  
implant cement onto CP Ti copings have the highest fracture strength compared to the  
other tested groups; these results could be related to the behavior of each material under  
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stress as mentioned above. The assumption is that both the resin cement and the titanium  
substructure acted together to reduce stresses in the veneering materials through their  
elastic modulus property, where the resin cement (low elastic modulus 3.5 GPa) could  
have minimized the deformation of the overlying Mark II and Lava Ultimate crowns by  
transferring large amount of the developed tensile stresses from the veneering materials  
to the underlying Ti structure. Now the titanium coping (due to its high elastic modulus,  
103 GPa) could absorb a large amount of these stresses before deforming (high resistance  
to yield) and  the veneering ceramic / composite tends to fail before the titanium deforms.  
In addition, yield of the resin cement could have been restricted by the underlying Ti  
structure, as it needs greater energy to deform; therefore, Ti could minimize the  
deformation of the cement and thereby minimize flexure of the veneering materials. Zhoa  
H. et al. and Kim et al. [60, 61] reported that high modulus metal can have  
counterproductive effects on the radial fracture in porcelain. Therefore, the veneering  
material may be less prone to tensile force - induced fractures that develop from  occlusal  
loading and yield of  the cement and metal substructures. 
     In comparison, the failure loads for full contour Mark II and Lava Ultimate crowns  
were found statistically similar, in agreement with results from other studies [64];  
however, they were found to be significantly lower than cemented Mark II and Lava  
Ultimate crowns onto CP Ti copings. According to this investigation titanium  
substructure was able to increase the failure strength for Mark II crowns around 52% and  
Lava Ultimate crowns about 40%. As mentioned before, Ti is able to absorb a large  
amount of the developed tensile stresses before deforming, leading to minimizing the  
internal stresses and supporting the veneering material. So in full contour Mark II and  
Lava Ultimate crowns the tensile stresses that develop beneath the loaded area and  
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interface are transferred to two materials with low elastic modulus (resin cement and  
epoxy) that deform under low forces, leading to increasing the stresses on the veneering  
materials and failing under lower loads.  
     Titankeramik / CP Ti crowns showed the lowest fracture strength among the tested  
groups. Several studies theorized that in conventional metal - ceramic systems, radial  
fracture of the veneering porcelain depends on the elastic modulus of the metal  
substructure; where metals with high-modulus can minimize the development of radial  
cracks and therefore reducing stress on the veneering material and vise versa [60, 61].  
Based on these theories, the main cause of  low failure load in this group is hypothesized  
to be due to outer cone occlusal cracks. In addition, it is expected that these cracks could  
coalesce with processing defects within the porcelain and interface (Titankeramick  
porcelain is technique sensitive) leading to rapid progression of the cracks and eventually  
catastrophic veneer failure; such processing defects are rarely seen in CAD/CAM  
material.  
     Depending on these findings it could be expected that both the resin cement (Multilink  
implant cement) and the Ti coping together are able to increase the fracture strength and  
support the overlying Mark II and Lava Ultimate crowns.  
     Using titanium as a framework for CAD/CAM materials has significantly increased  
their fracture resistance. Further investigations are required as there are no laboratory nor  
clinical studies related to the current one. Studies involving the mechanical properties of  
low fusing titanium porcelains and their ability to bond to titanium framework must be  
conducted as many problems remain to be solved before titanium can be routinely used in  
prosthodontic applications.  
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 Cyclic loading and thermal cycling: 
      In order to ensure a long lifetime for any dental restoration, it is required to  
understand the behavior of the materials used under conditions similar to those in the oral  
cavity. Thermal and mechanical cycling tests are two of the most common methodologies  
that simulate the oral function. However, both mechanical and thermal cycling could be  
considered a more aggressive way of aging a restoration [65]. These types of tests might  
cause the level of stress in the materials to exceed what is found intraorally. 
     There is consistent clinical evidence that mechanical failure of a dental prosthesis  
occurs after a number of years of service [38], indicating that a dental prosthesis does not  
fail from a single load of stress but by the effect of a number of repeated loads.  It is also  
well known that the major failure mode for all - ceramic, composite resin  and PFM  
crowns is ceramic or composite failure. Ceramic materials response to fatigue (chewing)  
has been well documented in the literature, where they tend to develop cracks that fuse  
and slowly grow throughout the material and eventually fail. This phenomenon especially  
occurs in aqueous environment [65, 66, 67, 68, 69]. Cyclic loading test induces such  
phenomenon. It was shown that humans have an average of 250,000 masticatory cycles  
per year [70]. In this study the samples were only run for 50,000 cycles that simulate a  
service time of 75 days.  
     In the current investigation, the effect of 50,000 cycles (at 50% of their minimum load  
value, Table 15)  on the failure strength of 5 different crowns was tested, and it was  
found that cyclic loading reduced the fracture strength for all tested groups but in various  
degrees; this is in agreement with a previous report that studied the effect of cyclic  
loading [71]. The reduction in fracture strength after cyclic fatigue testing for  
Titankeramik / CP Ti crowns was 45.5%, for Mark II / CP Ti crowns was 31.3% and for  
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Lava Ultimate / CP Ti crowns was 35%; therefore, cyclic fatigue significantly lowered  
the fracture strength for these groups. However, cyclic loading did not significantly  
reduce the fracture strength for full contour Mark II and Lava Ultimate crowns, where the  
amount of reduction was 15% and 9.3% respectively. In other words, full contour Mark II  
crowns are more resistant to fatigue than Mark II ceramic crowns cemented on Ti coping  
with Multilink implant cement. However, the fracture strength of Mark II crowns  
/Multilink implant cement/Ti coping with and without fatiguing is greater than fracture  
strength of all - ceramic Mark II crowns. In addition, full contour Lava Ultimate crowns  
are more fatigue resistant than cementing Lava Ultimate on Ti coping with Multilink  
implant cement, and the fracture strength for Lava Ultimate cemented to Ti coping after  
mechanical fatiguing is similar to the strength of non -  fatigued full contour Lava  
Ultimate crowns. 
     Reduction in failure strength after cyclic loading for the tested crowns is a  
multifactorial problem. Significant differences of the elastic moduli between the crowns  
components (ceramic, composite, metal, resin cement and epoxy resin) is believed to be a  
contributing factor in the strength reduction [38]. Wet environment is also considered a  
causative factor in lowering fracture strength with the presence of mechanical stresses as  
concluded by O¨zcan, Michalske et al. and Widerhorn [38, 72, 73], where it was found  
that cyclic fatigue in a water environment could weaken the bond between the silicon  
component and the glassy matrix of the ceramic material leading to reducing its fracture  
strength, in addition the chemical bond between silicon and the metal oxide at the  
interface of PFM restorations is also compromise by such test. Fracture propagation  
throughout ceramic and porcelain materials is accelerated in aqueous media.  
Development of micro-cracks at the loaded area during cyclic fatigue testing followed by  
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gradual propagation of these cracks throughout the ceramic and composite materials is  
the major reason for catastrophic failure of all - ceramic, composite resin and PFM  
crowns. All-ceramic and composite resin crowns are process-dependent materials with  
limited capacity to decrease the concentration of stresses at a crack tip by deformation  
[64]. This response can be aggravated and accelerated with internal defects that could  
exist within any restorative material and at interfaces between different materials  
(ceramics, porcelains, composite, cements, metals, epoxy); these defects vary in amount,  
size and location. As described by Diaz-arnold et al. [74] these defects remain stable  
unless under load where they become unstable and grow to cause failure; this is the most  
likely cause for Titankeramik / CP Ti crowns to fail under very low loads with and  
without fatiguing, where hand build-up of the veneering porcelain is technique sensitive  
and the development of internal voids is very common.  
     Technical mistakes during clinical and laboratory preparation processes for any  
restoration is also considered a contributing factor in the reduction of failure resistance  
and increasing the chance of failure; this was proved by a number of studies [38, 75, 76].  
     All of these causative factors could have contributed in the way each crown group  
behaved under cyclic fatigue.  As noted before, crowns with titanium substructures  
(Groups A, B and D) have lower resistance to fatigue than full contour crowns (Group C  
and E); this different behavior could be due to the greater thickness of the veneering  
materials in full contour crowns.          
     Thermal cycling is known for inducing repeated stresses leading to fatigue within  
materials and at interfaces between them [48, 77]. Temperature changes and wet  
environment together are perfect conditions for material degradation [78]. In the current  
study the samples underwent 50,000 thermal cycles of 5 °C and 55 °C, and it was found  
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that there was no statistically significant reduction in fracture strength after thermal  
cycling except for group E (full contour Lava Ultimate crowns) where the fracture  
strength was significantly reduced by 37%.  It is unclear why samples from group E  
showed such significant reduction in their fracture strength. 
     A majority of articles in the literature that reported the effect of thermal cycling on  
ceramic - metal and resin - metal combinations focused on the effect of thermal changes  
on the bond strength. Temperature changes during immersion in water induces repeated  
stresses that weaken the adhesion of materials due to the mismatch between the thermal  
expansion coefficients of the restoration components [ 78]. These studies have given  
different conclusions depending on the number of cycles, liquid media, type of cement  
and whether it's with or without mechanical fatiguing [48, 77, 78, 79]. Studies done by  
Troia Jr. et al. and Oyafuso et al. [48, 78] concluded that thermal cycling for 3000 cycles  
has no significant effect on the bond strength between Titankeramik porcelain and CP Ti;  
this is consistent with the result from group A. However, Vásquez et al. and Attia et al.  
[76, 64] concluded that when combining mechanical and thermal cycling together there  
will be significant reduction in flexural strength for low fusing porcelain / CP Ti  
combination and significant reduction in fracture strength for CAD-CAM composite resin  
and all – ceramic crowns. In addition, Shimoe et al. [80] reported that both resin – metal  
and ceramic – metal combinations do not get affected when subjected to 20,000 thermal  
cycles, whereas, significant reduction in strength can be seen after 100,000 thermal  
cycles.  
     Optimization of dental restorations requires knowledge of the failure phenomena, and  
understanding the causative factors and ways of avoiding  them. It was difficult to  
interpret the results of this study, especially for Titankeramik / CP Ti, Mark II / CP Ti,  
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and Lava Ultimate / CP Ti groups, as no references could be found in the literature.  
Future studies should concentrate on testing whether the current results are applicable to  
other crowns with different metals, veneering materials and cements.  
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Study limitations: 
 
     The present study investigated only limited combinations of materials for the  
 
metal substructure, veneering materials and resin cements. Therefore, results  
 
cannot be generalized to other systems. Moreover, the results might be different  
 
if the crowns were cemented with different cements and/or on sound dentin  
 
rather than epoxy resin. The use of water rather than artificial saliva during  
 
testing is also a limitation in this study. 
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Conclusions 
 
     Within the limitations of this study, the following conclusions were drawn: 
1- The mean load to failure for low fusing Titankeramik porcelain fired on CP Ti is      
    significantly lower than all other tested groups. 
2- The mean load to failure for Mark II ceramic cemented onto CP Ti copings with  
    Multilink implant cement is significantly larger than other tested groups, except for  
    Lava Ultimate crowns cemented onto CP Ti coping with Multilink implant cement  
    where there is no statistically significant difference between them. 
3- The mean load to failure for full contour Mark II crowns is significantly greater  
    than Titankeramik / CP Ti crowns, and significantly lower than both Mark II  
    crowns and Lava Ultimate crowns cemented onto CP Ti copings with Multilink  
    implant cement; furthermore, it is statistically similar to full contour Lava  
    Ultimate crowns. 
4- The mean load to failure for Lava Ultimate crowns cemented onto CP Ti  
    copings with Multilink implant cement is significantly greater than other tested  
    groups, except for Mark II crowns cemented onto CP Ti coping with  Multilink  
    implant cement where there is no statistically significant difference between  
    them. 
5- The mean load to failure for full contour Lava Ultimate crowns is significantly  
    greater than Titankeramik / CP Ti crowns, and significantly lower than both  
    Mark II crowns and Lava Ultimate crowns cemented onto CP Ti copings with  
    Multilink implant cement; in addition, it is statistically similar to full contour  
    Mark II ceramic crowns. 
6- Cyclic fatigue significantly lowered the fracture strength for Titankeramik /  
     CP Ti crowns, Mark II ceramic / CP Ti / Multilink Implant cement crowns and  
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     Lava Ultimate / CP Ti / Multilink Implant cement crowns. 
7- There is no statistically significant difference in the mean failure loads for full  
     contour Mark II crowns after cyclic loading.     
8- There is no statistically significant difference in the mean failure load for full  
     contour Lava Ultimate crowns after cyclic loading.  
9- Thermal cycling has no statistically significant effect on the failure loads for  
     tested groups except for group E where thermal cycling reduced fracture  
     strength by 37%. 
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